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Abstract

String theory constitutes one of the most popular and studied framework to approach
quantum gravity. It is well known that the low energy limit of string theory gives a
wide range of effective field theories. One recent and promising way to extract infor-
mation about quantum gravity from this string landscape has been the swampland
program. The string lamppost principle postulates that the quantum gravity land-
scape and the string landscape coincide. In this thesis we propose to study this claim
for the case of higher order Wilson couplings in the very restricted case of maximal
supersymimetry.

We first study the low energy limit of genus 0, 1 and 2 string amplitudes for type
IT string theory compactified on a torus and compare them to tree level, 1-loop and
2-loop maximal supergravity amplitudes respectively. This allows us to compute the
perturbative contributions to the leading Wilson coefficients of maximally supersym-
metric string theory. We also show that in dimension 8 logarithmic divergences of the
supergravity amplitudes can be linked to divergences of Wilson couplings. We give a
prescription to properly regularise the divergence by using the finite string amplitude.

We then use the differential equations entailed by the supersymmetric Ward iden-
tities as well as the constraints imposed by U-duality to derive the full non pertur-
bative Wilson coefficients for maximally supersymmetric string theory in dimensions
higher or equal to 6. These are given for the leading and next to leading Wilson
coefficients by Eisenstein and Epstein series for the relevant U-duality group. The
parabolic Fourier expansions of these series can then be used to check the different
degeneration limits of the Wilson coefficients.

Finally we study the minima of these functions on moduli space to give lower
bounds on Wilson coefficients coming from maximally supersymmetric string theory.
This implies finding the minima of Epstein series for special values of the s param-
eter. We first extend Grenier’s recursive construction of a fundamental domain to
almost any simple Lie group which allows us to properly define the domain of study
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of our functions. We then show that symmetric points are necessarily extrema of
automorphic forms and give precise criteria for them to be minima. We also identify
these symmetric points as corners of fundamental domains. We study relevant sym-
metric points for the case of SL(n) and SO(n,n) groups and give additional density
arguments regarding the global minima for large s parameter. We then checked our
conjecture numerically for the cases n = 5 relevant for dimensions 7 and 6.

These lower bounds should then be compared to lower bounds coming from uni-
tarity constraints using S-matrix bootstrap methods. As far as we know this analysis
still needs to be performed in dimensions lower or equal to 8. We have shown that in
dimension 6 factorisation properties of maximally supersymmetric amplitudes imply
that the unitarity properties of superamplitudes reduce to the unitarity properties of
scalar amplitudes. These kind of factorisations also exist in other dimensions but do
not always lead to such drastic simplifications. However one can always restrict to
elastic scattering to make the numerics bearable. This kind of analysis, if successful,
would be a strong argument for the validity of the string lamppost principle in the
case of maximal supersymmetry.
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Résumé en francais

La théorie des cordes constitue I'un des cadres les plus populaires et étudiés pour
aborder la gravitation quantique. Il est bien connu que la limite basse énergie de la
théorie des cordes donne une large gamme de théories des champs effectives. Une
maniere récente et prometteuse d’extraire des informations sur la gravitation quan-
tique a partir de ce paysage de cordes est le programme du “marais”. Le principe du
“lampadaire des cordes” postule que le paysage de la gravité quantique et le paysage
des cordes coincident. Dans cette these, nous proposons d’étudier cette affirmation
dans le cas des couplages de Wilson d’ordre supérieur dans le cadre tres restreint de
la supersymétrie maximale.

Nous étudions d’abord la limite basse énergie des amplitudes de genre 0, 1 et 2
pour la théorie des cordes de type II compactifiée sur un tore et les comparons respec-
tivement aux amplitudes de supergravité maximale a I'ordre des arbres, a 1 boucle et
a 2 boucles. Cela nous permet de calculer les contributions perturbatives aux coeffi-
cients de Wilson dominants de la théorie des cordes maximalement supersymétrique.
Nous montrons également qu’en dimension 8, les divergences logarithmiques des am-
plitudes de supergravité peuvent étre liées aux divergences des couplages de Wilson.
Nous donnons une prescription pour régulariser correctement la divergence en util-
isant I'amplitude de corde finie.

Nous utilisons ensuite les équations différentielles induites par les identités de
Ward supersymétriques ainsi que les contraintes imposées par la U-dualité pour
dériver les coefficients de Wilson non perturbatifs complets pour la théorie des cordes
maximalement supersymétrique en dimensions supérieures ou égales a 6. Ceux-ci
sont donnés pour les coefficients de Wilson dominant et subdominants par des séries
d’Eisenstein et d’Epstein pour le groupe de U-dualité pertinent. Les développements
de Fourier paraboliques de ces séries peuvent alors étre utilisés pour vérifier les
différentes limites de dégénérescence des coefficients de Wilson.

Enfin, nous étudions les minima de ces fonctions sur I'espace des modules pour
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donner des bornes inférieures sur les coefficients de Wilson provenant de la théorie
des cordes maximalement supersymétrique. Cela implique de trouver les minima
des séries d’Epstein pour des valeurs spéciales du parametre s. Nous étendons
d’abord la construction récursive de Grenier d’'un domaine fondamental a presque
tous les groupes de Lie simples, ce qui nous permet de définir correctement le do-
maine d’étude de nos fonctions. Nous montrons ensuite que les points symétriques
sont nécessairement des extréma des formes automorphes et donnons des criteres
précis pour qu’ils soient des minima. Nous identifions aussi ces points symétriques
comme des coins de domaines fondamentaux. Nous étudions des points symétriques
pertinents pour le cas des groupes SL(n) et SO(n,n) et donnons des arguments
supplémentaires portant sur la densité concernant les minima globaux pour des valeurs
élevées du parametre s. Nous avons ensuite vérifié notre conjecture numériquement
pour les cas n = 5 pertinents pour les dimensions 7 et 6.

Ces bornes inférieures devraient ensuite étre comparées aux bornes inférieures
provenant des contraintes d’unitarité en utilisant des méthodes de bootstrap de la
matrice S. A notre connaissance, cette analyse reste encore a étre effectuée en dimen-
sions inférieures ou égales a 8. Nous avons montré qu’en dimension 6, les propriétés de
factorisation des amplitudes maximalement supersymétriques impliquent que les pro-
priétés d’unitarité des super-amplitudes se réduisent aux propriétés d’unitarité des
amplitudes scalaires. Ces types de factorisations existent également dans d’autres
dimensions mais ne conduisent pas toujours a de telles simplifications drastiques.
Cependant, on peut toujours se restreindre a la diffusion élastique pour rendre les
calculs numériques plus abordables. Ce type d’analyse, s’il réussit, constituerait un
argument en faveur de la validité du principe du “lampadaire des cordes” dans le cas
de la supersymétrie maximale.
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Chapter 1

Introduction

Throughout this thesis we will use standard natural units where ¢ = A = 1. We will
also use the mostly plus metric signature (—,+,...,+).!

1.1 Quantum gravity

Of the four known fundamental forces: gravity, electromagnetism, the strong inter-
action and the weak interaction, gravity is certainly the one that has been known for
the longest time. Owing to its strictly attractive nature and the absence of negative
masses, any screening effect that would result in neutral objects at the macroscopic
level, like in the case of electromagnetism, is absent for gravity.? This is the reason
why ancient philosophers were always able to observe the mysterious effects of gravity
such as the fall of objects or the orbits of heavenly bodies. Some even tried to come
up with models and explanations for gravity such as Aristotle who tried to explain
gravitational attraction using his four elements theory. Of course it was Newton
who first linked the fall of objects on earth and orbits of celestial bodies to a single
phenomenon, gravity. It was also Newton who gave us our first universal theory of
gravity via his famous equation
Gm

=——&, (1.1.1)
.

Q

where ¢ is the gravitational field generated by a particle of mass m. G is the gravita-
tional constant, r is the radial distance from the particle and €, is a radially oriented,

In any case, it was made abundantly clear by my supervisor Guillaume that, had I used the
opposite convention, he could not have worked with me.

2the reasons for the other two fundamental forces to be invisible at the macroscopic level are a
bit more subtle, they are linked to the property of confinement in the case of the strong interaction
and the masses of the W and Z bosons in the case of the weak interaction.
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outward pointing unit vector. In analogy to the link between Coulomb’s law and
Gauss’s law in electromagnetism equation (1.1.1) can be made to look more like a
field equation using Poisson’s equation

A¢p = 4nGp), (1.1.2)

where ¢ is the gravitational potential related to the gravitational field by g = —ﬁqﬁ, A
is the three dimensional Laplacian and p is the mass distribution acting as the source
of gravity. Equations (1.1.1) and (1.1.2) have a spectacular range of applicability
allowing such diverse computations as the orbital mechanics of the solar system to
the free fall of objects on earth. The precision of these laws is such that it allowed to
predict the existence the planet Neptune from perturbations in the orbit of Uranus
as well as the landing of the first man on the moon almost three hundred years after
their publication.

There was, however, a conceptual issue with this theory which was first raised by
Newton himself but was not resolved for two centuries. This is the fact that equation
(1.1.2) lacks a time derivative, therefore changes in the sources on the right hand side
of the equation result in instantaneous modification of the resulting gravitational field
on the left hand side of the equation throughout all space. This is in contrast to the
case of electromagnetism where the presence of time derivatives make it so that per-
turbations in the electromagnetic field travel at finite speed through space. These sort
of instantaneous actions at a distance became especially troubling in the beginning
of the twentieth century when it appeared that this was manifestly in contradiction
with the theory of special relativity developed by Einstein. Motivated by this, as well
as a mismatch in the theoretical calculation of Mercury’s perihelion shift, Einstein
set out to find proper field equations of gravity in analogy with Maxwell’s equations
for electromagnetism which were compatible with special relativity. Einstein came
up with the general theory of relativity whose field equations are given by

1
R, — QRg,W = 8rG1T,,, (1.1.3)

where g, is the metric tensor describing the gravitational field, R,, and R are the
Ricci and scalar curvatures respectively and T}, is the stress energy tensor replacing
the mass density as the source of gravity.

Why should gravity be quantized? Obviously, since its inception in 1915 gen-
eral relativity has enjoyed great experimental success. In the years following imme-
diately after its publication several experimental tests validated the theory such as
the calculation of Mercury’s perihelion shift and the deviation of light from the sun’s
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gravitational field. Since then, further experimental confirmations have been abun-
dant such as gravitational time dilation, gravitational lensing, gravitational redshift
of light, the Shapiro time delay effect, the discovery of black holes, the detection of
gravitational waves [1] etc. On top of that, general relativity provides the right frame-
work to explain cosmological discoveries such as the expansion of the universe and
the cosmic microwave background. Enumerating all the successes of general relativity
would take up more space than this entire thesis, therefore we will not risk ourselves.

So far no experimental test of general relativity has revealed any discrepancy with
experimental data. One would therefore be entitled to ask why would anyone ever
need another theory of gravity, much less a quantum one. These doubts are further
justified by the fact that the gravitational interaction is orders of magnitude weaker
than the other three fundamental interactions. A simple computation shows us that
the ratio of the fine structure constant o = e?/47 to the gravitational structure
constant ag = Gm? is given by’
X 10%, (1.1.4)

oG

where e and m, are the charge and the mass of the proton respectively. This shows
that there is absolutely no hope of measuring any gravitational effects in matter
interactions within colliders where quantum effects are usually observed.

Another insightful computation is the one loop quantum correction to the grav-
itational potential. For the scattering of two massive particles of mass m; and mso
this is given by [2]

mi1me

V() = -G (1.1.5)

r 10mr2 7

my+my 41 13 )
r Y

<1+3G +

where [p = V/G is the Planck length. The first term comes from the newtonian theory,
the second term is the general relativistic correction and the third term is the leading
quantum correction. If we take m; = Mg the mass of the sun and neglect my then
even for r = Rg = 2G Mg the Schwarzschild radius of the sun, when the relativistic
correction is of order GMg/Rs ~ 1 then the quantum correction is still of order

B ~ 10776 (1.1.6)

R

This shows that the effects of quantum gravity should be completely suppressed at any
scale available for experiments. Hence there is at the present no empirical imperative

3the ratio with the other fundamental forces is approximately the same, even bigger in the case
of the strong interaction
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to find a quantum theory of gravity as our current theories well exceed the existing
experimental bounds.

However there are limits to the applicability of general relativity even if those lim-
its are well outside the current experimental bounds. For example, it is well known
that many solutions of general relativity exhibit curvature singularities. This is even
the case for phenomenologically realistic solutions such as black hole solutions or
FLRW solutions. These solutions predict that matter density should be infinite at
these curvature singularities, however one should expect quantum effects of matter
to be relevant at some scale before this point is reached. In such a situation equation
(1.1.3) relates the stress energy tensor of quantized matter to the classical geometry of
spacetime which is conceptually incoherent. Hence we would need a quantum theory
of gravity in order to consistently couple gravity to quantum matter to describe these
situations. Equation (1.1.5) tells us that quantum effects of gravity are expected to
appear at energy scales 1/lp ~ 10! GeV.

Problems with quantum gravity The formalism of quantum field theory was
developed over the course of the twentieth century by such people as Feynman,
Schwinger, Dirac and many others with equal success to that of general relativity.
The initial confusions about UV divergences were solved by the introduction of renor-
malisation and the renormalisation group equations. This was even applied to non
abelian gauge theories such as Yang-Mills theory which was proved to be renormalis-
able by tHooft in 1971 [3]. The same techniques can be applied to general relativity
which can also be brought into a form compatible with the formalism of perturbative
quantum field theory by linearizing around a flat background

Guv :n,uu‘i_/ih,uu; (117)

where 7),,,, is the Minkowski metric, h,,, is the graviton field and x? = 327G. This type
of linearized gravity was already studied in the 30s by Fierz, Pauli and Rosenfeld and
in the 60s Feynman and DeWitt used this formalism to extract the Feynman rules
for gravity. It was even shown by ‘tHooft and Veltman that pure general relativity
was finite at the one loop order [4]. However trouble knocked at the door when it was
realised in the 70s that this naive quantization of general relativity was perturbatively
non renormalisable at higher loop orders [5] as was already realised by 'tHooft and
Veltman at the one loop level in presence of matter [4]. This can be seen from the
negative mass dimension of the gravitational coupling constant G which suggests
that new divergent diagrams naively appear at every order of perturbation. Thus
regularisation of the effective action would require introducing an infinite number of
counter terms making the theory ill defined. An example of such a divergence was
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found by Goroff and Sagnotti who showed that UV divergences appeared at the two
loop level in pure general relativity [6]. This comes from three graviton diagrams
with ghost loops such as given in figure 1.1.

Figure 1.1: Example of diagrams contributing to the two loop divergence of pure gen-
eral relativity. Gravitons are represented by wiggly lines while ghosts are represented
by straight lines.

The divergence of the two loop effective action is then given by

S

—_— 4 A/ o T v
> 2880 (47r)4e/d /=g R, R, R (1.1.8)

where R,/ is the Riemann curvature tensor and € — 0 is the dimensional regulari-
sation parameter. On top of restricting the predictive power of the theory, such UV
divergences are a sign that the theory doesn’t capture the right degrees of freedom at
high energies. Hence another theory is needed to understand the high energy behavior
of quantum gravity.

1.2 Effective field theories

Unfortunately modifying general relativity is not so simple as there are a lot of unique-
ness results that constrain our choices. For example Lovelock’s theorem states that,
in four dimensions, the only symmetric divergence-free tensor which depends at most
on the second derivative of the metric (and is linear in the second derivative of the
metric) is necessarily a linear combination of the Einstein tensor and the metric it-
self [7]. This means that the left hand side of the Einstein field equations (1.1.3) is
more or less unique up to the inclusion of a cosmological constant. In order to go
around that theorem one can either:
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1. Add other fields on top of the metric tensor,
2. Work in more than four dimensions of spacetime,

3. Add terms which are more than second order in derivatives of the metric or non
linear in the second derivative of the metric.

The approach that we will follow in this thesis, string theory, follows all three
different directions. But for now we will focus on the last one. Higher derivative
terms or terms non linear in the curvature are called higher order in curvature. These
terms are especially desirable because their effects typically only become visible at
higher energy scales while they don’t modify the IR behavior of the theory. Such
terms are called irrelevant.* This means that the inclusion of such terms is, at first
glance, compatible with current experimental observations.

As we have seen in the previous section the presence of UV divergences forces
one to introduce such higher curvature terms as counter terms anyways. In fact
perturbative non renormalisibility forces us to introduce an infinity of ever higher
order terms. A finite number of irrelevant terms cannot lead to a renormalisable
theory by definition. But the fact that a given field theory is not renormalisable is
not such a big problem if this theory is seen, in its domain of validity, as the low
energy expansion of some unknown UV complete theory. This is the idea behind the
effective field theory approach. In an effective field theory perspective one fixes the
field content and the symmetries of the theory and writes down all the allowed terms
with growing number of derivatives and arbitrary coefficients. These coefficients will
then be fixed by consistency or experimental constraints.

For example the Lagrangian of general relativity, including a cosmological con-
stant, is given by the Einstein-Hilbert Lagrangian

L=+—g {% (R— 2A)} : (1.2.1)

where A is the cosmological constant and ¢ is the determinant of the metric. From
the effective theory point of view this is only the first terms in a series expansion
of higher order curvature terms. In some sense this is the minimal theory, i.e. the
universal, experimentally verified part of the theory which is leading at low ener-
gies. To get the full effective theory we would have to write all linearly independent
diffeomorphism invariant terms containing the metric and its derivatives in order of
increasing derivatives with some arbitrary coefficients. Schematically the first couple
of terms of an effective Lagrangian for pure general relativity would look like

4This terminology comes from statistical physics where terms whose effects become important in
the IR are called relevant and terms whose effects become important in the UV are called irrelevant.
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4N 2
L=+—g — SR+ c1R? + caR™ R, + 3Ry pe R*™7 + c4k®R? + .. } :

(1.2.2)
where ¢y, ¢o, 3, ¢4, ... are arbitrary coupling constants, called Wilson coefficients, to
be determined empirically. The higher order terms in the expansion are also some-
times called Wilson operators.” For such an effective field theory UV divergences are
not a problem as they can always be reabsorbed by a suitable redefinition of some
higher order coupling constants. One can see that because the gravitational cou-
pling constant x has a negative mass dimension then higher powers of the coupling
constant will have to appear in front of higher order curvature terms to keep them
dimensionless. Therefore divergent higher order loop diagrams which involve higher
powers of k2 can only be reabsorbed in higher order curvature terms, this is the reason
why minimal pure general relativity is not perturbatively renormalisable and why all
terms in the infinite series expansion (1.2.2) are needed. Here the minimal theory only
appears as the leading terms in a low energy expansion of the full effective theory.
Since higher curvature terms are suppressed by powers of the Planck length we can
see that such a low energy expansion is only valid until energy scales 1/lp. Therefore
as mentioned in the previous section the Planck length acts as a natural cutoff where
quantum gravity effects are expected to appear. Seen as such an effective field theory,
quantum gravity still holds useful predictive power. This is the modern way to see
quantum gravity and in some ways it is also the modern way to see the standard
model of particle physics as well.

In many ways gravity is particularly well suited to the effective field theory point
of view. First of all, as seen in the previous section the Planck length is exceptionally
small compared to any length scale relevant to us. This implies that the first few
terms in the series expansion of the full effective field theory hold very accurately up
to a very high energy scale. Therefore, in some sense, quantum gravity is by far the
best effective field theory we have. Moreover there has been a variety of results by
Weinberg, Boulware, Deser and others [8-11] which have shown that the low energy
behavior of gravity is uniquely captured by the effective theory of a spin two field
of the form (1.2.2). This makes the effective field theory approach very promising.
However the effective field theory formalism is agnostic about the full UV complete
theory. This theory can be more exotic and in particular violate more of Lovelock’s

®Note that up to field redefinition one can always add to an effective Lagrangian higher order
terms that vanish modulo the equations of motion of the theory defined by the lowest order terms.
Here this allows us to fix ¢; and ¢y so that the first three Wilson operators are proportional to
the Gauss-Bonnet term R2? — 4R*™ Ry, + Ry pe R*P7 which is topological in four dimensions. In
the presence of a cosmological constant however this may come with a redefinition of the coupling
constant and one has to beware strong coupling effects.
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assumptions, this is the case with string theory which will be presented in the next
chapter. The nature of the relationship between the effective field theory approach
and the full UV complete theory, in particular string theory, is the essence of this
thesis.

Analytic and non analytic contribution When we will look at the amplitudes
associated with such gravitational effective field theories it will be useful to decom-
pose them into so-called analytic and non analytic parts. By (non-)analytic we usu-
ally mean in the sense of a complex function of the transferred momentum squared
p? (which can be seen as a complex variable) or, equivalently, of the Mandelstam
variables. At low energies, i.e. for low transferred momentum p? — 0, non-analytic
contributions come from the propagation of massless particles as can be seen from
the massless propagator for a spinless particle

G(p) = ]%, (1.2.3)

which is indeed non analytic at p? = 0. On the other hand the analytic contributions
come from the propagation of massive particles as can be seen from the massive
propagator for a spinless particle of mass m

1
= FrmE
which is analytic at p> = 0. Therefore non analytic contributions dominate in the
low energy limit of the effective field theory. This interplay between analytic and
non analytic contributions to the amplitude will be crucial in the analysis carried out
in this thesis. It will notably be very relevant to the discussion of unitarity of the
S-matrix.

G(p) (1.2.4)

1.3 S-matrix bootstrap

In the 60s two rival approaches to quantum field theory coexisted. The first one was
the S-matrix approach defended by Wheeler while the second one was the perturba-
tive approach developed by Feynman. A brief look at quantum field theory books
today, which are usually covered with Feynman diagrams, will reveal that Feynman’s
approach won out. However even though it eventually fell out of favor the S-matrix
program did manage to achieve some relevant results and was even recently revived
in the form of the very promising S-matrix bootstrap program.

5This observation are essentially the same in the case of particles with spin
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The basic idea of the S-matrix approach is that instead of looking at the mi-
croscopic degrees of freedom of the theory one can instead focus on very general and
robust principles that the theory must obey such as unitarity and causality. Causality
typically implies other principles including relativistic invariance and the fact that at
the microscopic level the theory is described by local propagating degrees of freedom
(the precise nature of which is irrelevant), all of which are principles that must be
obeyed by any reasonable quantum field theory. One can then use these very general
principles to constrain amplitudes of scattering particles. At the time this looked like
a very robust alternative to the perturbative approach which was plagued with the
issues of UV divergences and the poorly understood problem of renormalisation. This
very formal, non perturbative approach was not as fertile as initially thought however
and though this program was (temporarily) abandoned it was very influential to the
historic development of string theory. Today however it is getting back the attention
it deserves [12-15].

S-matrix If we suppose that interactions in our theory are bounded in time then
we can assume that asymptotic states in the far past and in the far future are that of
the free theory, i.e. Fock states. Indeed we can define a different Fock space of states
in the asymptotic past and future. If we write |x)" for some state in the far past then
Ix)°"" corresponds to the state in the far future obtained from time evolution of |y)™
The scattering matrix, or S-matrix, then relates these two different Fock spaces. It is
defined by its action on such asymptotic states by

SHO™ =)™, (xS =" (xl. (1.3.1)

Correspondingly the matrix elements of S are given by

U ()™ = (xS €)™ = o (x[S €)M . (1.3.2)

In particular for the vacuum states we impose

S |0>0ut _ |O>in7 in <0| S = out <O| 7 (133)

which is just the statement that the vacuum state is unique and invariant under
time translation. (1.3.2) shows that the matrix elements of S are the probability
amplitudes of finding any given state in the far future for a given state in the far
past. For definite particle states |i)™, [7)™ these are scattering amplitudes’

" S )" =i A, (1.3.4)

"Here and in the rest of this thesis we omit delta factors related to momentum conservation and
assume that all exterior momenta are conserved.
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In any reasonable quantum theory conservation of probability implies that time evo-
lution should be unitary, this translates into unitarity of the S-matrix

STS=1. (1.3.5)

In fact in most quantum theories the S-matrix is simply given in the interaction

picture by
+oo
S = Texp(—i/ dt Hint> = Texp(z’/d4x£int) , (1.3.6)

where Hj, is the interaction Hamiltonian, L;, is the interaction Lagrangian density
and T is the time ordering operator. Therefore unitarity of the S-matrix simply
translates into hermiticity of the Hamiltonian operator.

Axioms of S-matrix bootstrap Unitarity is one of the most important principle
that the S-matrix obeys and it is the one that will preoccupy us the most but there
are other properties that the S-matrix should obey, these are the so-called axioms of
S-matrix bootstrap. Although there isn’t a definitive list of axioms, most of them
include:

e Relativistic invariance: the S-matrix should be a representation of the Poincaré
group,

e Unitarity: defined by equation (1.3.5),

e Crossing symmetry: this implies that the amplitudes of incoming (resp. out-
going) particles are the same as the amplitudes of outgoing (resp. incoming)
antiparticles,

e Analyticity: roughly speaking the amplitudes should be analytic in the trans-
ferred momentum or, equivalently, in the Mandelstam variables (up to crossing
symmetry) everywhere except for cuts and poles wherever physical particles can
appear as intermediate states.®

There are other axioms that one can add in order to constrain further the form of
the S-matrix but they will not be explored here. The properties enumerated above
are expected of any reasonable quantum field theory which obeys both the principles
of quantum theory and relativity. Note that the last two axioms are not typically

8 Actually this is typically referred to as maximal analyticity. Often the claim is much weaker
than that and only requires a bounded domain of analyticity below the first physical mass. In the
case of gapped theories this can be proved. In this thesis maximal analyticity will be more relevant.
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referred to as axioms in the literature as they can actually be proved in the case of
theories exhibiting a mass gap [16,17]. However as gravity, our theory of interest, is
not a gapped theory and much less is proved in this case we will have to take these
properties as assumptions and thus we denote them as axioms.

Optical theorem and positivity bounds One can separate the trivial part of
the S-matrix from the interaction part as follows

S =1+iT, (1.3.7)

where the identity represents the non interacting part of the S-matrix while T" repre-
sents the interacting part. Injecting this into (1.3.5) one gets

2ImT =T'T. (1.3.8)

This is known as the optical theorem. For any non trivial interacting theory the
interacting part of the S-matrix must therefore have a non zero imaginary part. Since
amplitudes are often defined via real coefficient integrals that are analytically con-
tinued in the Mandelstam variables to the physical domain then imaginary parts can
only come from functions which are non analytic in the domain of convergence. In
the low energy limit these are precisely the non analytic contributions coming from
the propagations of massless particles. This explains the previous statement that
non analytic contributions are crucial to discussing the unitarity of the S-matrix. If
we look at matrix elements of (1.3.8) and insert a complete basis of definite particle
states we get

2ImA;_,; = Z/Hd%a A A (1.3.9)
n a=1

where k, are the momenta of the n outgoing particles on the right hand side. Impor-
tantly, since the right hand side of (1.3.8) is positive definite one gets the following
positivity bound on amplitudes

In the case where i = j = 2, if we only restrict the right hand side of (1.3.9) to elastic
scattering, i.e. m = 2, then since this side of the equation is positive definite the
optical theorem reduces to the following inequality

2Im Ay_,o > / APy d®ky Aby o Ao _son . (1.3.11)
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These two inequalities can be used to give positivity bounds on Wilson coefficients of
effective field theories as we will see later.

Today the old S-matrix ideas have been revived with some slightly more realistic
goals. Instead of trying to fully understand a given theory from its S-matrix the
modern S-matrix bootstrap program uses the axioms above to put constraints on the
space of allowed S-matrices describing all consistent quantum field theories including
theories of quantum gravity [18]. This is also in the spirit of what this thesis aims
to do, which is constraining the S-matrices of effective field theories compatible with
string theory.

1.4 String theory

As we have seen above, one of the main advantage of the effective field theory approach
is that it is agnostic about the full UV complete theory. But over the 70 years of
interest over quantum gravity there have been several proposals for a UV complete
theory of quantum gravity, one of the most promising of which is string theory. As
mentioned in the previous section the S-matrix program had a large influence on the
early developments of string theory. Indeed string theory was initially born out of a
necessity to describe the strong interactions and particularly meson interactions in a
way consistent with the axioms of the S-matrix. In 1968 Veneziano wrote down an
amplitude satisfying precisely these criteria [19]

B! MN—ds—1I'(=dt—1) TI'(=ad's—1I'(-a'u—1)
Az = 210, < M—a(s+0-2) | T(-a(s+u)-2)
['(—ad'u—1)I(—=a't — 1)
I'(—o/(u+t)—2) ) » (14.1)

where g, is called the string coupling, o’ is called the Regge slope and s,t,u are
the usual Mandelstam variables defined by s = —(k; + k)2, t = — (k1 + k4)? and
u = —(k; + k3)* with k; being the exterior momenta (all taken as incoming).” One
can clearly see that the above amplitude satisfies crossing symmetry as required by
the axioms of the S-matrix and is in fact totally symmetric in the Mandelstam vari-
ables. One can also see that it is analytic in the Mandelstam variables excepts for
some points s,t,u = n/a’ for n = —1,...,00 corresponding to the poles and ze-
ros of the Gamma function and which can be interpreted as coming from particles

9They are not independent as they are related by the relation s +t + u = Zle m? where m; is

the mass of the ith particle.
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of ever higher masses m?> = n/a’, we call these Regge trajectories. It was then by
looking for a model that would give rise to such an amplitude from first principles
that physicists stumbled upon string theory. Indeed the correct model was found by
quantizing a classical string of length I, = v/o/ and tension T' = 1/(2r¢/). Quantum
constraints having to do with unitarity and Lorentz invariance impose that this string
propagates in 26 dimensional space-time. The infinite tower of massive particles was
then understood to come from the infinite modes of the string. However one of these
modes corresponded to a massless spin two particle which, as we have seen, can only
correspond to gravity, at least at low energy. This made string theory into the theory
of quantum gravity that we know it today.

As seen with the infinite spectrum of massive particles string theory is not an
ordinary quantum field theory. In some sense it corresponds to an infinite number of
quantum fields. However one can see that the tower of masses is controlled by the
Regge parameter o’ and when one takes the limit o/ — 0 the infinite tower decouples
leaving only the lowest lying levels for n = —1 and n = 0 therefore reducing to
a proper quantum field theory. Indeed all the stringy effects of string theory are
contained in this dimensionful parameter o/ the only free parameter of the theory.
Therefore, at low energy, one can expect string theory to reduce to an effective field
theory of quantum gravity where the series expansion has ever higher powers of o’
in front of ever more irrelevant Wilson operators. However it turns out that this
effective theory is far from unique. Indeed the Wilson coefficients, instead of being
constants, are actually functions of massless fields called moduli fields. Therefore
there are actually many low energy effective field theories which are compatible with
string theory as a UV completion. It is the purpose of this thesis to explore which
effective field theories are compatible with string theory. The methods of S-matrix
bootstrap can also serve as an independent method to reduce the space of allowed
S-matrices for consistent theories of quantum gravity.

Superstring theory In the 70s as bosonic string theory was developed [20-22]
there were many great features that made it a serious candidate for a theory of ev-
erything : as mentioned before it contained a graviton in its spectrum, its amplitudes
were free of the UV divergences that plagued quantum field theory and in particular
quantum gravity, it also had the potential to include other gauge interactions and
finally it was a very constrained theory with only one dimensionful parameter. The
finiteness of its amplitudes could be superficially understood as coming from the finite
length of the string which "smears out” the interaction instead of being localised to
a point. This alone, having a non divergent quantum theory containing a massless
spin two particle is no small feat and cannot be understated. However three prob-
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lems loomed in the face of anyone wanting to take this theory seriously as a realistic
theory of nature. First of all, as the name would suggest, there were only bosons
in the spectrum of the theory, secondly as mentioned before the theory could only
exist in 26 dimensional spacetime, but perhaps worst of all is that the spectrum also
contained a tachyon as its lowest lying string mode. A tachyon usually indicates a
pathology regarding the causal structure and unitarity of the theory.

A straightforward fix to the problem of absence of fermions in the theory came
when Ramond, Neveu and Schwarz added fermionic fields to the worldsheet theory
of the string [23,24]. The fields obeyed a very particular type of symmetry mixing
bosonic and fermionic fields called supersymmetry. In fact this two dimensional ver-
sion of supersymmetry was actually the first instance of supersymmetric theory to
be developed. It was then showed that a certain truncation of the spectrum of the
theory (now called GSO projection after Gliozzi, Scherk, and Olive) led to a consis-
tent, supersymmetric and tachyon-free theory [25]. As an added bonus the required
number of dimensions for the theory to live in is reduced from 26 to 10. The resulting
class of theories is called superstring theory. It is worth mentioning that the fact
that the final theory is supersymmetric is non trivial. Indeed the supersymmetry was
initially introduced on the two dimensional worldsheet whereas the supersymmetry of
the spectrum corresponds to ten dimensional space time supersymmetry. An equiv-
alent formulation of superstring theory with space-time supersymmetry introduced
from the beginning was developed by Green and Schwarz in 1981 [26-28].

Actually superstring theory is not one theory. In fact there are five different super-
string theories corresponding to different coherent ways to introduce supersymmetry
and get rid of the tachyon: there are two maximally supersymmetric theories dubbed
type IIA and type IIB superstring theory and three half maximally supersymmetric
theories called type I, heterotic SO(32) and heterotic Eg x Eg superstring theory (in
the last two cases the name heterotic refers to the asymmetric roles played by right
and left moving modes on the closed string). A key result was the discovery in 1984
by Green and Schwarz of the miraculous anomaly cancellation in all five superstring
theories [29]."° This marked the point when a large number of the theoretical physics
community turned to string theory and was called the first superstring revolution.

The fact that the main candidate for the theory of everything was actually five
different theories remained unsatisfactory. However in the 90s, mainly under the im-
pulsion of Witten, it was discovered that all five superstring theories were actually

10 Actually the Green-Schwarz mechanism only concerns the type I and heterotic string theories.
Anomaly cancellation in type IIA string theory is trivial as the theory is non-chiral whereas anomaly
cancellation in type IIB string theory is non-trivial but does not require the Green-Schwarz mecha-
nism.
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linked by dualities, thereby suggesting that none was more fundamental than the
others but instead that they were all different sides of the same coin. In addition,
strong evidence was found that all five superstring theories were different limits of
some unique 11 dimensional theory called M-theory [30]. This sparked the beginning
of the second superstring revolution when the field gained even more momentum.
At the same time Polchinski discovered the existence of dynamical extended objects
other than strings within string theory which were named D-branes [31]. These
D-branes were required by the web of duality and opened up a window into the non-
perturbative structure of string theory. Finally in 1997 Maldacena discovered another
duality between five dimensional D-branes in type IIB string theory and another type
of gauge theory called N' = 4 super Yang-Mills theory in 4 dimensions [32]. This
type of duality between a d dimensional gravitational theory and a d — 1-dimensional
gauge theory sparked the beginning of the AdS/CFT correspondence and holography.

String compactifications and the vacuum problem Acute readers may have
noticed that we have brushed under the carpet one of the three initial problems pre-
sented by bosonic string theory: that of higher dimensions. Indeed the problems of
the tachyon and the absence of fermions were straightforwardly solved by introduc-
ing supersymmetry on the string worldsheet but the problem of higher dimensions
was only reduced by going from 26 dimensions to 10. It is clear that these are six
dimensions too many in order to be a viable description of our universe. It turns out
however that this is not as serious a problem as one might first think. Indeed sup-
pose that our universe is described by a spacetime which can be split into a cartesian
product R* x K where K is a compact space. Then, in theory, if the hypervolume
of K is sufficiently small these extra dimensions would be unobservable and it would
be effectively as if we lived in R*. We call these extra dimensions wrapped up in K
compactified dimensions.

Hence there is a priori no way to know if our universe is really four dimensional or
if it contains extra compactified dimensions. This may seem like a very unscientific
assumption that should be disregarded in virtue of Occam’s razor but actually com-
pactified dimensions have a number of phenomenologically interesting consequences.
This goes back to the insight of Kaluza and Klein in the 1920s. Suppose that there
is only one extra dimension compactified on a circle R* x S'. We can therefore split
the 5-dimensional coordinates # into 4-dimensional coordinates  on R* and compact
coordinate 6 on S*. All 5 dimensional field ¢ have to obey the boundary condition
¢(x,0 + 27R) = ¢(x,0) where R is the radius of the circle S'. Therefore we can
Fourier-expand the fields on S*
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o(2,0) = dulx)e . (1.4.2)

Let us suppose that é is a massless scalar field in 5 dimensions. Therefore it obeys
the massless Klein-Gordon equation (the wave equation)

D¢ =0, (1.4.3)

where O is the 5-dimensional d’Alembertian operator. When we insert (1.4.2) into
the massless Klein-Gordon equation we get the following equation of motion for each
Fourier mode

6, = () on. (1.4.4)

which is a massive Klein-Gordon equation. Therefore we obtain an infinite tower of
fields with mass m = || propagating in R*. Taking the limit where the radius of the
circle goes to zero R — 0, these KK-modes become infinitely massive and decouple
from the theory except for the 0-mode which remains massless. These massive modes
can be neglected in an effective field theory limit. The process of compactification
combined with consistently truncating away the massive modes is called Kaluza-Klein
reduction.

Another interesting property of compactified dimensions comes specifically when
one considers the compactification of a higher dimensional theory containing gravity.
This is what Kaluza and Klein where initially interested about. The gravitational
part of the 5-dimensional theory is given by the Einstein Hilbert action

9 .
Sy = —Q/d%\/—gR. (1.4.5)
Ks
The 5 dimensional metric can be decomposed into
ds? = e%¢(d0 + A,dxt)? + e_%dsi , (1.4.6)

where ds? describes the 4 dimensional metric on R*, ev3? describes the metric of S L
Le. its radius, and A, describes the fibration of S* over R*. We call ¢ a dilaton and
A, a Kaluza-Klein vector. We require that all fields are independent of 6 which is
equivalent to only keeping the 0-modes of the Fourier expansion. After Kaluza-Klein
reduction the 5-dimensional action becomes

2 1 1
S1=— /d4$\/—_9 (R - §!V¢’2—§€\/§¢\F|2) ) (1.4.7)
4
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where F), = 0, A, and the 4-dimensional coupling constant is related to the 5-
dimensional one by the volume of S' ie. k3 = k2/2rR. We have also defined
|w|?*= %wmm“nw“l“"m for some n-form wy,, ... We can show that the diffeomorphism
symmetry in 5 dimensions corresponds exactly to 4 dimensional diffeomorphism sym-
metry of the 4 dimensional metric plus U(1) gauge symmetry of the Kaluza-Klein
vector.

It is an incredible surprise that we find a U(1) gauge field behaving exactly like
electromagnetism simply by compactifying pure gravity on a circle. This was actually
called the Kaluza-Klein miracle. This is less surprising when we realise that we have
constructed an S' fiber bundle which behaves exactly as a U(1) principal bundle.

The ¢~ 5 factor in front of the 4 dimensional metric in the ansatz (1.4.6) corre-
sponds to a conformal rescaling which is necessary if we want the Einstein-Hilbert
term in the 4 dimensional action (1.4.7) to be canonically normalised. Without this
field redefinition we would have non minimal gravitational couplings with the dilaton.
Such non minimal couplings are however present between the dilaton and the Kaluza-
Klein vector, this is an example of so-called scalar-tensor gravity. This is historically
the reason why Kaluza-Klein theory was abandoned.

Even if compactification of pure gravity on a circle is ruled out, compactifications
of richer theories on more general manifolds can still be phenomenologically realistic.
With more compactified dimensions one can even get non abelian gauge theories
after Kaluza-Klein reduction. Let us consider some theory involving gravity in D
dimensions and suppose that the space-time manifold splits topologically into a 4-
dimensional non compact manifold times a (D — 4)-dimensional compact manifold
i.e. R* x K. The fields can again be decomposed on a basis of harmonic functions of
K and the masses of the KK tower are given by eigenvalues of the Laplacian on K.
The D dimensional metric can be decomposed into

dsh = g;j(dz’ + K} A%da")(dz’ + K] Abdz") + ds], (1.4.8)

where g;; describes the metric of the compact space K, the Aj describe the fibration
of K over R* and the K! are Killing vectors of the compact metric on K. All
the components of the internal metric g;; are dilatons. The Killing vectors K, =
K!0; generate the Lie algebra of the isometry group G of K. One can show that
under D dimensional Killing isometry of K the vectors Af, transform as non abelian
connections of a G principal bundle. This shows that we can indeed interpret the Aj
as non abelian gauge fields associated to the gauge group GG. We can furthermore
show that the Kaluza-Klein reduction of the D-dimensional Einstein-Hilbert action
will give rise to the 4-dimensional Yang-Mills action for the gauge group G' (modulo
some non minimal couplings). This construction is due to Scherk and Schwarz [33,34]
and is thus sometimes called a Scherk—Schwarz reduction
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We can see that there are several ways to get the same gauge group G as there
are many manifolds that can share the same isometry group. Two of the most simple
ways are to compactify on the gauge group manifold itself i.e. K = G. This is pretty
much the standard construction of Yang-Mills theory for some generic gauge group
(. Another way would be to compactify on some coset space K = G/H where H
is a maximal compact subgroup of GG, the most common examples are the sphere
compactifications K = S™ ~ SO(n + 1)/SO(n). However contrary to the case of
S1 there are obstructions to reductions on general manifolds. The only exceptions
where a consistent reduction can always be performed are the circle, the torus and
the group-manifold reductions. Note that, when possible, coset reductions are pre-
ferred to group manifold reductions, since less extra dimensions are needed to obtain
the same gauge group. For example, in order to obtain the gauge group SO(8) one
could use the SO(8) group manifold which requires dim(K’) = 28 extra dimensions
or the coset SO(8)/SO(7) corresponding to the seven-sphere S” which only requires
dim(K) = 7 extra dimensions.

Hence Kaluza-Klein reduction is a very attractive mechanism for string theorists as
it can simultaneously get rid of extra unwanted dimensions and explain geometrically
where gauge symmetries come from. This is why KK reductions are used throughout
string theory. In particular they are used to get from the ten dimensional world de-
scribed by superstring theory to the four dimensional world we inhabit. Even though
the presence of extra dimensions is a common criticism of string theory the Kaluza
Klein mechanism actually makes it a strength as the complexity and arbitrariness of
the field content of the standard model is simply contained in the geometry of the
theory. We call the process of finding a 6 dimensional compact manifold over which
to perform a Kaluza-Klein reduction of string theory finding a “geometric vacuum of
the theory”. Indeed such a manifold can be thought of as a vacuum expectation value
for the 10 dimensional metric around which to expand the theory. It is interesting to
note that the minimum number of compact dimensions needed to recover the stan-
dard model gauge group from KK reduction of a purely gravitational theory is 7 [35],
therefore the minimum number of dimension for a realistic Kaluza-Klein theory of ev-
erything would be 11 putting 11-dimensional M-theory in a uniquely good position.
While there are many manifolds with the right isometry group'! Witten showed in
1981 [35] that none of them reproduces the rest of the field content of the standard
model (particularly the chiral fermions). However more exotic compactifications such
as Go-manifolds with orbifolds are not ruled out.

Other string theories which already possess large gauge groups like type I and

"The simplest 7-dimensional compact manifold with isometry group U(1) x SU(2) x SU(3) is
St x 8% x CP*
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heterotic string theories appear as more viable candidates to recover the standard
model of particle physics from Kaluza-Klein reduction. Until recently and the nega-
tive results at the LHC the minimal supersymmetric extension of the standard model
was considered a very phenomenologically viable extension of the standard model
and for other reasons minimal A/ = 1 supersymmetry was seen as very attractive.
Therefore physicists looked for compactification manifolds which would preserve ex-
actly this amount of supersymmetry. In 1985, Candelas, Horowitz, Strominger and
Witten showed that this imposed that the compactification manifold be a Calabi-Yau
manifold, i.e. a Ricci flat Kéhler manifold [36]. While it was initially thought that
there would be a very small number of such manifolds obeying additional topological
constraints in order to be consistent with the particle content of the standard model,
it turns out that there is in fact a very large number. The high number of such
realistic vacua puts into question the ability of string theory to predict anything at
our energy scales as for any prediction given by some vacuum there may be another
vacuum that makes another prediction. This is called the vacuum problem.

We saw that Kaluza-Klein reduction usually gives some massless scalar fields in the
dimensionally reduced theory like for examples the dilatons coming from the reduction
of the metric. Dilatons typically control the geometry of the compact space. If in
addition one reduces a theory with p-forms this will also give massless scalar fields
called axions. Dilatons and axions are called moduli fields. Moduli fields are typically
problematic in any realistic theory because they are massless and there are no obvious
mechanisms to give them mass, at least in pure gravity Kaluza-Klein reduction. This
is called the moduli stabilisation problem. However in supergravity and string theory
there are mechanisms which give mass to the moduli fields, this is done by imposing
that the p-form fields acquire non trivial vacuum expectation values, which are called
fluxes. This also allows to compactify on non flat compact spaces which was also
impossible in pure gravity Kaluza-Klein reduction. More stringy constructions for
Kaluza-Klein reductions include non geometric constructions such as orbifolds and
orientifolds. These allowed to return to compactifications of type II string theory and
M-theory. We should mention that Kaluza-Klein reduction is also important for the
web of dualities underlying string theory as some theories are related to each other by
KK reduction. This is the case with type ITA string theory which is a KK reduction
of M-theory on a circle.

U-duality and Wilson coefficients String theory has a worldsheet formulation
as a two dimensional supersymmetric sigma model. However, as we have seen, in the
limit o’ — 0 we should recover a field theory in the low energy limit. The leading
terms of this expansion is a ten dimensional supergravity theory. This can be seen
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either from the expansion of the amplitudes themselves or from the vanishing of the
beta functionals of the worldsheet theory which guarantee conformal invariance on
the worldsheet and which, to first loop order, give the equations of motion for ten
dimensional supergravity. One can then integrate out the massive string modes to
get the higher order terms of the effective field theory. As explained before these
higher order terms will be suppressed by powers of o’ which is proportional to the
square of the Planck constant of the supergravity theory. One important difference
with effective field theories we have talked about so far is that string theory contains
a certain number of massless scalar fields, the axion-dilaton fields. These should not
be integrated out as they lie on the same level as the graviton. As scalar fields they
are by definition Lorentz invariant and so are any functions of these fields. Therefore
in general nothing stops non trivial functions of the moduli fields from appearing
in front of Wilson operators. They should not appear in front of the leading terms
however as this would correspond to non minimal couplings which can be removed by
conformal field redefinition. Hence, if we restrict ourselves to the gravitational sector
of our theory the effective field theory expansion looks like

L= %\/—_g [R+ &R + 5ER"™ Ry 4+ 15E3Rype R*P7 + IpER* + ...,
(1.4.9)
where the Wilson coefficients &, &, &, ... are functions of the axion dilaton fields.'?
In a general dimensions D the Planck length is related to the D-dimensional gravita-
tional constant by lp = G p-2. When the theory is compactified to a lower dimensional
theory, other moduli fields will appear which make the Wilson coefficients even more
complicated.

The Wilson coefficients can in principle be very general functions of the moduli.
Luckily the structure of these moduli fields and hence of the Wilson coefficients is
severely restricted by supersymmetry. Indeed supersymmetry imposes that the mod-
uli fields parametrise some manifold with a large amount of structure, this is called
the moduli space. For example, in all dimensions, in theories with more than 1/4th
maximal supersymmetry the moduli fields parametrise a symmetric space [37]. Lower
amounts of supersymmetry also constrain the structure of the moduli space, for ex-
ample in four dimensions, in theories with 1/8th maximal supersymmetry the moduli
fields must parametrise a Kédhler manifold while for 1/4th maximal supersymme-
try the moduli fields parametrise either special Kahler, hyperkahler or quaternionic
Kahler manifolds. In addition the effective field theory must respect the various du-

12Tn a general dimension using field redefinitions to bring the first three Wilson couplings to a
form proportional to the Gauss-Bonnet term is also useful as it avoids modifying the propagator.
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alities obeyed by the full string theory. These are for example T-duality which corre-
sponds to inverting some compactification radius and S-duality which is a strong-weak
duality corresponding to inverting some coupling constant. These dualities are not
always completely distinct as some coupling constants can correspond to non mini-
mal couplings with some moduli field coming from some compactification radius. In
fact one can often combine T and S-duality into a single unified duality group called
U-duality. This is a discrete group of symmetries of the full effective field theory. In
general the moduli fields transform non trivially under U-duality, mixing together.
The most famous example being the SL(2,Z) symmetry of type IIB string theory, in
this case the axion Cj and dilaton ¢ mix to give 7 = Cy +ie~? which then transforms
non linearly under SL(2,7Z) as

at +b

cr+d’
where a, b, c,d are integer such that ad — bc = 1. Therefore the Wilson coefficients
must respect this symmetry. This constrains very much the form of &,. In fact,
along with other constrains coming from supersymmetry and internal consistency,
this allows us to calculate exactly, non perturbatively, the leading Wilson coefficients
for maximally supersymmetric string theory.

(1.4.10)

1.5 The swampland program

It is clear from (1.4.9) that, depending of the range of the Wilson coefficients as func-
tions, many low energy effective field theories may be compatible with string theory
as a UV completion. Indeed even though the structure of string theory is very con-
straining, the high number of fields and dimensions means there are a lot of degrees
of freedom which can play a role in the IR limit. For example we have seen that
the choice of vacuum around which to expand the theory and reduce the number of
dimensions is very large. Even after choosing a vacuum the extra degrees of freedom
coming from the internal dimensions come back in the form of a large number of mod-
uli fields. This means that the low energy limit of string theory spans a wide range of
effective field theories, we call this the “landscape” [38]. It was initially feared that
just about any effective field theory might sit inside this spectrum, this is called the
“landscape problem”. The realisation that this was not the case and that, in fact, it
was possible that many more theories sit outside this spectrum is the main idea be-
hind what is called the “swampland program” [39]. Indeed any effective field theory
that cannot be UV completed into string theory or any theory of quantum gravity,
is said to be in the "swampland”. Hence the swampland program is a bottom-up
approach aiming to come up with precise criteria for an effective field theory to be
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compatible with string theory as a UV completion.

Since the inception of the program in 2005 by Vafa several conjectures have
emerged with diverse degrees of acceptance. Some of the most popular include the
weak gravity conjecture: this conjecture says that any theory in the landscape must
include at least one particle whose charge is larger than its mass (in the proper units).
In other words gravity must be the weakest of all gauge interactions in the theory.
This conjecture emerged from black hole physics and particularly Hawking decay of
extremal black holes. Indeed the argument is that if we consider a slightly subex-
tremal charged black hole, this black hole must decay since it is not protected by
supersymmetry. If it emits a particle then this particle must have a mass m and
charge ¢ such that |g| > m in order for the black hole to remain above the BPS
bound.

Another popular conjecture is the no global symmetry conjecture. This states that
in any theory in the landscape all global symmetries must be either gauged or broken.
Once again this conjecture originates from black hole physics since it is believed that
black hole evaporation breaks any charge conservation that does not originate from a
gauge symmetry. This conjecture can also be checked in the context of the AdS/CFT
conjecture.

Finally the infinite distance conjecture states that when the vacuum expectation
value of a moduli field is taken to infinity there must exist an infinite tower of light
and weakly coupled states whose mass goes to 0. The name of the conjecture comes
from the fact that taking the value of a moduli field to infinity corresponds to an
infinite distance on the moduli space measured with the metric appearing in the ki-
netic term of the scalar fields. This conjecture builds on the intuition of Kaluza-Klein
theory where taking the compactification radius to infinity one recovers the limit of
the higher dimensional theory and the states of the KK tower become light.

These conjectures are meant to chart out the landscape of string theory and if
proven to be correct they help throw out a number of effective field theories from the
landscape to the swampland. See [40] for a review. In order for string theory to be
predictive one might hope for the swampland to be as large as possible and for the
landscape to be small but still large enough to contain the standard models of particle
physics and cosmology. This last requirement to include big bang and inflationary
cosmology has proved to be very restrictive.

The string lamppost principle/String unity For someone agnostic about the
UV completion of quantum gravity the swampland program can still be useful as
looking at the set of all effective field theories compatible with string theory as a UV
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completion might tell us interesting things about effective field theories of quantum
gravity in general. However, for this to be the case the string landscape must be
representative of the, in principle larger, set of theories that can be UV completed
into a consistent theory of quantum gravity.'® In fact if the string landscape is only
a very small and very special subset of quantum gravity effective theories then the
swampland program might even be misleading. The string lamppost principle or
string universality [41,42] is the claim that the opposite is true and that actually
the landscape contains all theories consistent with any quantum gravity theory in
the UV. In other words effective field theories of string theory saturate the space of
effective field theories of quantum gravity. If this were proven to be true this would
be a strong indication that string theory is in fact the unique consistent theory of
quantum gravity or at least that it is general enough that all other ones can be re-
alised as special cases of string theories.

For a large number of dimensions and for a large number of supersymmetries
(which go hand in hand as one can cannot have a low number of supersymmetry in
large dimensions apart from 0 supersymmetry) there are good arguments to believe
that this string lamppost principle should hold. Indeed if one restricts to at most two
derivatives then in eleven dimensions there is a unique theory of gravity compatible
with supersymmetry and this theory is believed to be the low energy limit of M-
theory. Similarly in ten dimensions there are only two consistent theories of gravity
with maximal supersymmetry and at most two derivatives!* and they are realised as
UV complete quantum theories as type IIA and type IIB string theory respectively.
For half maximal supersymmetry in ten dimensions the Green-Schwarz anomaly can-
cellation mechanism [29] restricts the possible gauge groups of the theory to only four
options and two of them are realised in heterotic and type I string theory. It was
later shown that the two other gauge groups were in fact in the swampland [41,43].
Note however that if one asks about higher derivatives operators, as is natural in the
context of effective field theories, things may not be so unique, we will be coming back
to this in more details. Other arguments like this have been applied to theories with
higher dimensions or higher supersymmetry in order to prove the string lamppost
conjecture [44].

3Sometimes in the literature the terms ”landscape” and ”swampland” are used to talk about
theories compatible/incompatible with any consistent theory of quantum gravity and not just string
theory. Other than the fact that this inclusive definition is of questionable interest as consistent
theories of quantum gravity outside of string theory are not well known we will not use these
definitions in this thesis because this would make discussion of the string lamppost principle, which
is at the center of this thesis, obscured.

14 This is true if we only consider ungauged supergravity theories which we will do throughout this
thesis.

41



Maximally supersymmetric string theory One can also study what happens if
we look at higher order terms in the effective field theory expansion. If one still focuses
on large numbers of dimensions and large amounts of supersymmetry then interesting
things can be said. In fact we will focus on maximally supersymmetric theories.
This set of theories can serve as a kind of playground where concrete computations
can be performed more easily. Indeed maximal supersymmetry entails considerable
simplifications that can be taken advantage of. For example it allows to discriminate
against certain terms in the effective field theory expansion which do not respect
maximal supersymmetry. Hence we can write schematically the first few terms of the
effective Lagrangian of maximally supersymmetric gravity as

2
L= ?\/ —q [R + C(Q’o)l?g,]?,4 + 0(170)11130V4R4 + C(O}l)l;?VGRLl + .. ] s (151)

where R¥ represents some contraction of the Riemann tensor of degree k. For example
by R* (one of the terms we will be most interested in) we mean tgtg R* where tg is a
well known contraction of the Riemann tensor defined in chapter 3. Terms in [%R?,
I5R? and [$V*R? are theoretically possible but maximal supersymmetry imposes
that their Wilson coefficients vanish identically.'®

It is also known that in maximally supersymmetric gravity the 2 to 2 graviton
scattering amplitude can be related to the much simpler scattering amplitude of its
scalar superpartner. This has been used in [45] in order to extract unitarity bounds
on the amplitudes coming from the first allowed corrections to gravity (represented
as ¢o,0!»R* in (1.5.1)) using bootstrap methods. Indeed the full non perturbative
4-point graviton amplitude contains contributions from the Wilson operator which
are analytic in the Mandelstam variables because they come from integrating out
massive modes, as well as contributions from Einstein-Hilbert term which are non
analytic because they come from the propagation of the massless graviton

K2
Aoy = =i R ki 1) (Emo,o)l% #1687 (1 (s,0) + 1 (0. 0) + 1 (u,5))
llO
+c(1,o)1—%(32 + 2+ u?) + .. ) , (1.5.2)

where [ il) is the one-loop supergravity integral and R*(k;, ¢;) is a linearised version
of the operator R* containing the momenta and polarisations of the four gravitons.

15More specifically the Kretschmann invariant R, o R*P7 is forbidden by supersymmetry while
the Wilson coefficients of R? and R, R*” can be set to zero by field redefinitions and the VZR*
term is technically allowed but is zero on shell due to the fact that there is no non trivial linear
invariant which is totally symmetric under the Mandelstam variables.
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The D dimensional gravitational coupling constant and Planck lengths are related by
P 327rl£_2. Therefore in dimensions 9 < D < 11 the first Wilson term is leading
in the IR with respect to the one loop supergravity amplitude while in dimensions
D < 8 the one loop supergravity amplitude is leading. Actually in dimension D = 8
the two contribution are of the same order, we call this the critical dimension, we will
come back to this in chapter 3. One can use a partial wave expansion and the optical
theorem on the amplitude to extract unitarity bounds involving both the leading
Wilson coefficient and the one-loop supergravity amplitude. This has been done
in [45,46] for dimensions higher than 9 where the one-loop supergravity amplitude can
be neglected and bounds on the Wilson coefficient ¢y in (1.5.1) have been derived.
These bounds can then be compared with the IR limit of maximally supersymmetric
versions of string theory, which means type II string theory or M-theory and their
respective toroidal compactifications. This is because supersymmetry again offers a
high degree of control over the higher order corrections entailed in the low energy
limit as well as over the moduli space. As we saw the effective field theory expansion
of the gravitational sector of string theory should look like

2
L=5V=g[R+1BER +1PEL V'R +IFEe) VR +...] . (1.5.3)

2
where the Wilson coefficients £, 4) are functions of the moduli space. We also saw
that in the maximal supersymmetric case the moduli space is constrained to be a
symmetric space and that further constraints coming from supersymmetry and the
symmetry under U-duality allow to compute exactly the first Wilson coefficients in-
cluding all perturbative and non perturbative corrections in g, [47]. For example
E0,0) and & o), the coefficients that we will be most interested in, are specific types
of automorphic forms called Eisenstein series [48-51]. We can then look at the min-
ima of £, (something which is not that easy in lower dimensions as we will see in
this thesis) and compare it to the bound on ¢ ). If the minimum of &y ) does not
saturate the bound on ¢y this may go against the string lamppost principle and
may leave room for other UV completions of maximally supersymmetric theories. For
example it was found in [46] that in dimension 9, 10 and 11 the bounds coming from
superstring theory were close to but not saturating the unitarity bounds, although it
must be noted that their bounds are not sharp. In this thesis we will present works to
find the bounds on scattering amplitudes in maximally supersymmetric string theory
in dimensions 6, 7 and 8.
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1.6 Plan of this thesis

In chapter 2 we give a quick review of superstring theory. We show how to derive
the massless spectrum in covariant quantization with special emphasis on maximally
supersymmetric type II string theory. We give the field contents and bosonic actions
of the supergravity limits and we discuss the anomaly cancelations. Finally we review
the web of dualities underlying superstring theories.

In chapter 3 we review superstring amplitudes. After discussing the construction
of general string amplitudes we again take special interest in the maximally supersym-
metric type II case where we review the moduli space of Riemann surfaces for genus
zero, one and two. We then talk about factorisation properties of maximally super-
symmetric amplitudes. In particular we show using the formalism of spinor helicities
that unitarity properties of maximally R-symmetry violating superamplitudes in 6
dimensions reduce to the unitarity properties of scalar amplitudes. Finally we talk
about the low energy limit of type II string amplitudes in relation with supergravity
amplitudes using tropical limits and tropical geometry. We also discuss the ambiguity
coming from the logarithmic divergence of the one loop supergravity amplitude in 8
dimensions and show how to regularise it properly using the finite string amplitude.

In chapter 4 we talk about U-duality and automorphic forms. We give a short
reminder on automorphic forms with particular interest in Eisenstein series and their
parabolic decompositions. We review U duality and give the moduli spaces and U-
duality groups of maximally supersymmetric string theories. We then discuss the
leading Wilson coefficients, their automorphic properties and the interpretations of
the different decompactification limits.

Finally in chapter 5 we discuss our results regarding the minima of the leading
Wilson coefficients of string theory. We extend Grenier’s construction of a funda-
mental domain to more general Lie groups. We then show that symmetric points of
moduli space are natural candidates for minima of Eisenstein series, in some cases we
prove that they are local minima. We conjecture with the help of numerical checks
the global minima of leading and next to leading Wilson coefficients.
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Chapter 2

Superstring theory

String theory is generally accepted to be the only known consistent perturbative
theory of quantum gravity. It is UV complete and reduces to known theories of
supergravity at low energies. As such it allows us to gain insight into the structure
of perturbative, and sometimes non perturbative, quantum gravity. At present it
has proved a very difficult task to find which vacuum of string theory describes our
universe at low energies. However if the swampland program is successful then string
theory can still tell us interesting things about the coupling to quantum gravity at
energy scales relevant to us.

In this chapter we review basic constructions of string theory using covariant
quantization and we derive the massless superstring spectrum. We give a rundown of
the different superstring theories and their supergravity limits as well as the web of
dualities linking them together. The first parts of this chapter follows [52] and [53].
More details can be found in [54-57]. The reader already familiar with this material
should feel free to skip this chapter.

2.1 Relativistic particle

The classical theory of relativistic strings is completely analogous with the classi-
cal theory of relativistic particles. We therefore start with the simpler case of the
relativistic particle. The equation of motion of a massive particle in D-dimensional
space-time is given by extremising the proper length of its path through space-time.
Therefore the action is given by

S = —m/ds. (2.1.1)

Let g, be the spacetime metric and let 2# be the embedding coordinates of the
particle in spacetime. We can define the induced metric on the worldline as u =
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gt z” where ## = % with o being the coordinate on the worldline. Therefore we

can rewrite the action (2.1.1) as

S = —m/da\/—_u. (2.1.2)

It is easy to check that this action is invariant under reparametrisation of the worldline
as well as under D-dimensional spacetime isometries of the metric g,,. However the
action (2.1.2) contains a square root which makes it very complicated to quantize.
Luckily there exists an equivalent classical action which is easier to work with. This
action given by

S = —%/da\/—h (%i"ﬁc”gm,—l— 1) , (2.1.3)

where h is the metric on the worldline. The equations of motion coming from this
action are

d 1 da* da” da”
V-—h— | ——— re — =0 2.14
do (\/—h da)+ "P'do do ’ ( )
11
59;”/95“95 _ 5]1 =0, (2.1.5)

where I'} | are the Christoffel symbols for the metric g,,,. The first equation comes from
the variation with respect to z* and the second equation comes from the variation
with respect to h and can thus be interpreted as the vanishing of the worldline stress
energy tensor of the theory. This can be rewritten as h = w which says that the
metric on the worldline is equal to the induced metric. If we plug this equation back
into the action this yields

S = —% dov/—u (§u+1) - —m/da\/—_u, (2.1.6)

proving that the two actions are classically equivalent and that the worldline metric
h is simply an auxiliary field.

Diffeomorphism invariance of the action (2.1.3) allows us to fix the worldline metric
h to any value we want (because all 1 dimensional manifolds are locally diffeomorphic),

a common choice is h = —1 which gives us the well known action for relativistic
particles

S = %/da (guita” — 1) . (2.1.7)
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2.2 Relativistic string

Let us now look at the theory describing strings. The equation of motion of a ten-
sionful string in D-dimensional space-time is given by extremising the proper area of
its path through space-time. Therefore the action is given by

S = —T/dA. (2.2.1)

Similarly we can define the induced metric on the worldsheet as vo, = g, 0a 2" Op”
where g, is the spacetime metric, 2# are the embedding coordinates of the string
ozt

and where 9,2" = 575 with 0 being the coordinates on the worldsheet. Therefore

we can rewrite (2.2.1) as

S = —T/dch\/—_fy. (2.2.2)

In the context of string theory this is known as the Nambu-Goto action. It is straight-
forward to check that this action is invariant under diffeomorphisms of the worldsheet
and under D-dimensional spacetime isometries. Again, to get rid of the square root
we introduce the equivalent action which is called the Polyakov action [58-60]

T
S = —3 /dZU\/—h h“baax"@ba:”gw,, (2.2.3)
where hg, is the metric on the worldsheet. The equations of motion coming from this

action are

1

_ ab o N v P —
il (V=R o) + Th h 0 9t = 0,

1
G0 Opx” — §habh0dgw,80x“8dx“ =0. (2.2.4)
The second equation comes from the variation with respect to h, and can thus
be interpreted as the vanishing of the worldsheet stress energy tensor of the theory

which is a constraint coming from diffeomorphism invariance. This can be rewritten
as Yap = %hathd%d. Taking the square root of the determinant of this equation gives

us /=7 = 35/ —hh“y.. Plugging this back into (2.2.3) yields

T
S = —§/d20\/—hh“b%b = —T/dza -, (2.2.5)

proving that the two actions are indeed classically equivalent.
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Notice that the equation of motion (2.2.4) for hgy, is solved for any metric confor-
mally equal to the induced metric hy, = €* 4. In fact this signals an extra gauge
symmetry of the string action that the particle action does not have: Weyl invariance

hay — Ly = € hap, (2.2.6)

for some function A(¢). This is unique to strings, it does not occur for particles,
membranes and higher-dimensional branes. We will see that requiring that the Weyl
symmetry remains unbroken at the quantum level recovers the Einstein equations for
the classical background. This shows that strings are somehow special and uniquely
adapted for a theory of quantum gravity.

We can use the diffeomorphism and Weyl invariance of the action to fix the world-
line metric hgyy, to anything we want (because all 2 dimensional manifolds are confor-
mally equivalent), a common choice is the flat metric hy, = 74 which gives us the
action

We see that Weyl invariance is crucial to fixing the worldsheet metric and in fact
for branes in higher dimension than two the worldvolume metric cannot be gauged
away, this again points to something special about strings. Note that fixing the world
sheet metric doesn’t use up all our gauge freedom. Indeed the action (2.2.7) is still
invariant residual symmetries which correspond to diffeomorphisms of the worldsheet
that are also Weyl transformations of the flat metric i.e. conformal transformations.
Therefore we call this choice of gauge the conformal gauge.

The action (2.2.7) is sometimes called a non linear sigma model. It describes the
classical theory of the bosonic string in curved spacetime, so called because there
are no fermionic degrees of freedom and because if we were to quantize this string
we would find exclusively bosons in the spectrum. Actually quantization in curved
spacetime is extremely hard and not generally well understood therefore we will stick
to flat spacetime. We will not quantize the bosonic string but for the purpose of
completeness we rewrite the action (2.2.7) in flat space-time. We also bring back the
string Regge parameter o/ = 1/(27T). Therefore the Polyakov action takes the form

1
Y

S =

/ d*o 0y, (2.2.8)

and the stress energy tensor reduces to
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1
Top = 0g2"Opz), — §nab86x"8‘:xu , (2.2.9)

with the constraint 7j, = 0. Note that Weyl symmetry doesn’t lead to a constraint
but instead makes the stress energy tensor trace free.

2.3 Type II superstrings

Let us now show how to add supersymmetry to the picture and swiftly move on
to superstrings. In this section we present the covariant quantization of the type
IT superstring in the RNS formalism. More detail about the bosonic string and its
quantization can be found in [52-54]

2.3.1 The classical action and equations of motion

The action. In order to move on to superstrings we need to implement local su-
persymmetry on the world sheet in a way that doesn’t break diffeomorphism or Weyl
invariance. The action for type II superstrings is given by [54, 59

1

4o

S:

/dQU € (hdbaax'uabxu + @Eupavawu - QXapbpawuabxu - %@DuwuXapbanb)

(2.3.1)
where the fields z# are 2-dimensional scalars on the worldsheet but D-dimensional
vectors in space-time, the ¥* are 2-dimensional Majorana spinors on the worldsheet
but also D-dimensional vectors in space-time, x, is the Rarita-Schwinger field and e*
is the zweibein. The zweibein is related to the worldsheet metric by h., = €} e} 7mn.-
We have also defined p* = e2 p™ where the p™ are the two dimensional Dirac matrices
which form a representation of the two dimensional Clifford algebra {p™, p"} = 2n™".
We can write these explicitly in a Majorana-Weyl representation as

o (2 _01) P ((1] (1)) . (2.3.2)

We also define the Dirac conjugate as A = iAp? for any spinor A. Since the worldsheet
is 2 dimensional the Majorana spinors can be decomposed into two 1-dimensional

Majorana-Weyl spinors
o
g = (i) , (2.3.3)
+
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where the Majorana condition imposes that 1} = 1. Finally the covariant derivative
is defined as

1
Vot = 0,9 + ng”mpmnw“ , (2.3.4)

with p™" = %[pm, p"] and where W is the spin connection but this term actually

drops out of the action so that V, can be replaced by 0,.

The action (2.3.1) still has diffeomorphism invariance and Weyl invariance. It also
has local Lorentz invariance because of the zweibein and the spinors. But it has also
two additional local fermionic symmetries with respect to the bosonic action. The
first one is local supersymmetry under which z* and " form scalar multiplets and
ert and x, form a graviton multiplet. The local supersymmetry transformations are
given by

Ot = et |

St = p" (Dt — &”Xak?

deen' = 2€p" Xa (2.3.5)
deXa = Vae,

and the second one is a supersymmetric extension of Weyl symmetry.

The Euler-Lagrange equations for the zweibein and the Rarita-Schwinger field
lead to the constraints

JaE_ﬂo/ 05 0.
e ox“
drad 68
T = — =0 2.3.6
a e 66% ? ( )

where we have defined the fermionic supercurrent J, and the stress energy tensor 7.
This is a consequence of superdiffeomorphism invariance. Just like in the bosonic
case superWeyl invariance doesn’t lead to a constraint but instead makes the stress
energy tensor trace free and the supercurrent gamma trace free. In two dimensions the
superdiffeomorphism and superWeyl invariance have the required amount of degrees
of freedom to fix the zweibein and the Rarita-Schwinger field to e = 4" and x, = 0
respectively which again fixes the worldsheet metric to be the flat metric hy, = 14p.
This is called the superconformal gauge and in this gauge the action for type II
superstrings becomes
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4o

S =—

/dQO' (0ax" 0z, + V" p " 0aty) (2.3.7)

with constraints T, = 0 and J, = 0 where the expression for T, and J, are given by

1 1- 1 -
Toy = aasg'uabx,u - inabacxuacm,u + §¢up{aab}¢u - Znabwupc c¢u7

1
y— —§pbpaw“abxu. (2.3.8)
Just like the conformal gauge the superconformal gauge doesn’t use up all our gauge
freedom and the residual symmetries are global conformal invariance as well as global
supersymmetry

St = et

0Pt = p0,xte. (2.3.9)

Therefore the symmetries that preserve the conformal gauge condition form global
superconformal invariance. The action also has manifest global space-time Poincaré
invariance.

Equations of motion and mode expansion Applying the variational principle
to the action with respect to the fields z* and ¥* we find the massless wave equations

0,0%" =0,
PO " =0, (2.3.10)

as well as boundary terms. In order for the variation of the action to vanish we need
to cancel these boundary terms by implementing boundary conditions for our strings.
If we write our coordinates (6%, ') = (7,0) then, up to conformal transformation,
we can choose without loss of generality o € [0, 7[. Therefore the endpoints of the
string are 0 = 0, 7. We can either ask that the boundary terms vanish independently
at each endpoint or that they cancel each other out, this corresponds to open and

closed strings respectively.
For open strings, in order for the boundary terms to cancel independently we need

that 02 = 0 and ¢} = £¢" hold at each endpoint. But since the overall relative
sign between ¢! and ¢” is a matter of convention, we may always redefine one of
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them so that ¢ (7,0) = ¢" (7, 0) holds. Hence we only need to worry about the 0 = 7
endpoint. Therefore we only have two possibilities

Open strings: 012" (1,0) = Oyz¥(1,7) =0,
Ramond: ¢ (7,7) =¢_(7,7), (R) (2.3.11)
Neveu-Schwarz: ¢, (7,7) = —¢_(7,7). (NS)

The condition on z* is known as the Neumann boundary condition, it can be inter-
preted as saying the endpoints of the string are free. There is actually a different
condition we could impose called the Dirichlet boundary condition where the end-
points are fixed but we do not consider it in this section.

For closed strings we need that the x* obey periodic boundary conditions and
that ¢) and " obey separately periodic or anti-periodic boundary conditions. This
leads to four possibilities.

Closed strings: z* (7', 0) = 2*(r,m),
Ramond-Ramond: v, (T, 0) =4, (r,m),
@ZJ— (7—7 0) = %D— (7—7 W) ) (R_R)

Ramond-Neveu-Schwarz: ¢, (7,0) = ¢, (7,7),

Y_(1,0) = —¢_(r,7), (R-NS) (2.3.12)
Neveu-Schwarz-Ramond: ¢, (7,0) = —¢,. (7, 7)

¢— (7_7 O) - ¢— (7_7 7T) ) (NS_R‘)
Neveu-Schwarz-Neveu-Schwarz: 1 (T, 0) = —vy(r,m),

P_ (T, 0) =—¢_(r,m). (NS-NS)

Using these boundary conditions we can solve the equations of motion and express
the solutions in a mode expansion. We introduce lightcone coordinates 0% =7+ ¢

Closed string For the closed string the general solution can be decomposed into
independent left and right moving parts 2#(7,0) = x/ (67) +2',(6~). These are given
explicitly by
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1
zh (o ):51:0—1-0419”0 +iy ) = Z _2”“7+,

n;éO

1
rp(07) = Sab +a'plo” +iy/ S Z e 2ino (2.3.13)

n;ﬁO

where reality requires that zff and p* be real and that (a#)* = a”, and (a#)* = o,
We can show that zff and p* represent the center of mass position and momentum of
the string respectively. For the spinors we have

Y (T, 0) Zd“ —2inot ) Y (r,0) = Z b e 2ot

nez reZ+i
V! (T, 0) Zd“ “FneTor Yt (r1,0) Z bl e —Zino— (2.3.14)
neZ reZ+i
(R) (NS)
where the Majorana condition requires that (d*)* = d",,, (d*)* = d",, (b4)* = b",

and (b*)* = b",. The a#, d* and b* represent left moving oscillatory modes while the
ot d" and D! represent the right moving oscillatory modes.

If we now express the stress energy tensor in light cone coordinates we find that
the T, _ and T, components vanish identically. Therefore the only non trivial com-
ponents of the constraints are T4 = 0 and Jy = 0. We can also expand the stress
energy tensor and the supercurrent into modes

2 : 7 —2inct
T++ = Ln e s

nel
_ Z Ln e—QinU’ 7
neL
Jp=Y Foem o Jo= Y Ge (2.3.15)
neZ reZ+3
— Z Fn e—2in0’ or J = Z Gr 6—22'7‘0Jr ’
nez reZ+3
(R) (NS)
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where the stress energy tensor modes receive contributions from the bosonic sector
and from the fermionic sector L, = Lq(zb) + L%f ) and L, = L%b) + L%f ). The bosonic
contributions are given by

- 1
L7(1b) = = Qpm (077 )
2 meZ
1
LO = 5 > - O, (2.3.16)
meZ

1 S o1 L
LD =3 " (m— Dy d o L =2 3" (1= D)bues by,

2 meZ 2 2 reZ+3i 2
1 1
LD =23 = ) dy or L =2 3 (r= Dby b, (23.107)
meZ r€Z+3
(R) (NS)

and the supercurrent modes are given by

Fn:Z@mJn—m or Grzzo_ém'l;r—wu

meZ meZ

L, = Z O, * Ay, Or G = Z Oy (2.3.18)
meZ meZ
(R) (NS)

where we have set af = aff = \/gp“. We can check that L} = L_,, Fr = F_,,
G* = G_, and same for the unbarred modes. For the constraint to be satisfied
classically all theses modes must vanish. They correspond to an infinite number of
trivial conserved charges associated with the residual superconformal symmetry of
the worldsheet theory. Only in 2 dimension is the (super)conformal algebra infinite
dimensional.

Open string For the open string the boundary conditions impose that the right
and left movers must combine into one single standing wave solution which is given
explicitly by
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H )
z(r,0) = af + 2a'phT + V2! E In o=inT cog (no), (2.3.19)
n
n#0

where reality requires again that zff and p* be real and that  (a#)* = o”,. For the
spinors we distinguish between the two possible sectors

Wi ( Zd“ —notor (1, 0) Z b e~ (2.3.20)
nEZ r€Z+2
(R) (NS)

and the Majorana condition requires that (d/)* = d”, and (b*)* = b",. Now since the
modes of the right and left moving components are the same then we have 7', | =T _
and J, = J_. Therefore the modes of the stress energy tensor and the supercurrent

are simply given by the unbarred modes of the closed string case where the definition
of the 0 mode changes to oy = v2a/p*.

2.3.2 Quantization

As we can see from the action (2.3.7), from the worldsheet point of view, type II
string theory simply corresponds to a free theory of scalars x* and spinors ¥*. As
such, canonical quantization of the theory should be relatively easy. In this section we
use the covariant quantization procedure as opposed to the light-cone quantization.
These are old quantization schemes but they provide a fast way to derive the physical
spectrum of the theory

Closed string Covariant quantization is a canonical quantization scheme which
therefore relies on the Hamiltonian. Starting from the type II superstring action in
conformal gauge one can show that the total classical worldsheet Hamiltonian is given
by H = Lo + Ly. We also use the classical action to define the canonical conjugate
momenta. As usual with canonical quantization we then promote all functions to
operators on the Hilbert space of states and we impose the canonical commutation
relations

[2#(r,0),7{ (1, 0")] = in*"6(0 —o'),  [¥¥(7,0"),75(7,0")] = in*"6(0 —0') . (2.3.21)

Using the mode expansions this gives us the following commutation relations on the
modes
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[xg,pg] = '“7“” )

[afm O‘lrlz] - [O_éfn, C_YTVL] = mn#”6m+n’0 ) (2322)
{dy, dn}y = {dh i} = 0""Smino or {067} = {0} = 1" Serr,
(R) (NS)

all other (anti)commutators vanishing. We can see that for each component p # 0
and for each m,r > 0 these define standard bosonic and fermionic ladder operators

for the unbarred modes

[a'um’ aMmT] = [&%’ auer] =1,
{de, di Ty = {dbt di 'y =1 or {bf 0Ty = {or BTy =1, (2.3.23)
(R) (NS)

all of which are independent. Since all of them commute with of ~ p* we can define
a ground state |k*;0) which is an eigenvector of p* of eigenvalue k* and which is
annihilated by all lowering operators a, a*, d*, d*, b* and b*, for all m,r > 0
and for all 4 = 0,...,d — 1. Therefore the Hilbert space of states is a Fock space
generated by all the possible products of raising operators a® ', a1, d‘,ﬁlT, dmt b‘r‘T and
bt applied to the ground state for m,r > 0. However our Hilbert space is not unitary,
indeed because of the Lorentzian signature of space-time the time components of the

oscillators give oscillators with the wrong sign

[a%,a%" = [a%,a% 1] = -1,
(0, &0 = (&, &1y = 1 or {80,001} = (30,801} = —1, (2.3.24)
(R) (NS)

We can use these to construct negative norm states, this indicates that our Hilbert
space is not positive definite. However we have not imposed the constraints on our
Hilbert space, we will show that this will help make our theory unitary.

First, let us remark that, contrary to the classical theory, not all our quantities
commute, therefore there can be an ambiguity in the definition of our operators. We
choose the usual normal ordering convention where all lowering operators are placed
to the right and all raising operators to the left. Almost all of the modes of the stress
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energy tensor and supercurrent only involve expressions of commuting operators and
hence all orderings are equal to the normal ordered expression. The only exceptions
are Ly and Ly which have expressions involving non commuting operators. Hence
their ordering is ambiguous as not all orders are equivalent. Since we cannot know
which ordering is the one appearing in the constraint we leave the possibility for an
ordering constant.

We now want impose the constraints in the quantum theory. It turns out that
imposing that all the stress energy tensor and supercurrent modes vanish on all phys-
ical states is too strong and doesn’t lead to a consistent theory. Therefore we define
instead the space of physical states as the subspace of states [¢) such that

(Y| L [) = (] Ln [¥) = 0,
(I F ) = (W[ Fu[) =0 or (PG, i) = ($| G, 1) =0, (2.3.25)
(R) (NS)

for all n,r # 0 and

(| (Lo — a) [¥) = (¥| (Lo — @) [¢)) =0, (2.3.26)

where Ly and L, are the normal ordered versions and where a and @ are normal
ordering constants. But since we have that L), = L_,,, Il = F_,,, G = G_, (and
same for the unbarred modes) this means we can restrict the physical state condition
to the positive indices n,r > 0. Hence the physical state condition is

(Lo—ag)|$) =0 or (Lo —ans)[¢) =0,
(Lo —ar)|) =0 or (Lo—ans)[t)) =0,
EF,[¢) =0 or G, [¢)=0, (2.3.27)
o [g) =0 or G,ly)=0,
(R) (NS)

for all n,7 > 0 and for all physical state |¢)). Actually one can show that F§ = Ly
and F? = Ly. This already implies that ar = agr = 0. We can also show that
the commutation relations imply that the modes follow the super-Virasoro algebra.
These are
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_ _ D

[Loy L] = (0 — m) Ly + gn(n2 — 1)0nimo
D

Ly, L] = (n—m) Ly + gn(nz — 1)6ntmo,

(L, F) = (ﬁ - m) Foim or [L,,G,]= <g — r) Grr s

2
n n
L, F] = <§ - m) Frim o [Ln,Gy] = (5 - r) Grir (2.3.28)
_ - D - = - D 1
{Fn, Fm} = 2Ln+m —+ 5n25n+m70 or {Gr, GS} = 2Lr+s -+ 5 (7’2 — Z) 57«+370,
D D 1
{F.,Fn} =20 om + 5n25n+m,0 or {G,,Gs} =2L, s+ Bl (7’2 — Z) Or4s.0 s
(R) (NS)

where D is the space-time dimension. All other commutators vanish. The even part
of this superalgebra is called the Virasoro algebra. It is the unique central extension
of the Witt algebra, the algebra of the 2-dimensional conformal group. Therefore
the central charge in the Virasoro algebra represents a conformal anomaly. The odd
parts of this algebra represent the two minimal AN = 1 supersymmetric extension of
the Virasoro algebra. We notice that the charges with —1 < n,r < 1 generate closed
subalgebras insensitive to the central charge, these represent global super-conformal
transformations which remain unbroken. We also note that the barred and unbarred
generators form two independent algebras.

We can come back to our initial concern that our theory wasn’t unitary. Does
imposing the physical state condition allow us to build unitary representations of
the Poincaré algebra? There is a theorem called the no-ghost theorem (because
negative norm states are called ghosts, not to confuse with ghost fields of the BRST
cohomology used to gauge fix path integrals which are fields obeying the wrong spin
statistics and which decouple from every amplitude) which states that the subspace
of physical states is unitary if and only if

D =10 (2.3.29)
and
ap =ar=0,
- 1 (2.3.30)
ans = ans = 5



Therefore, if we restrict to the subspace of physical states our theory is indeed unitary
and we have unitary representations of the Poincaré algebra that we can interpret as
particles. The fact that the space time dimension of the theory is constrained is a
typical feature of supersymmetric theories but that it is uniquely fixed is pretty much
unique to string theory.

In the covariant quantization procedure we have manifest Poincaré covariance and
it is imposing unitarity which leads to fixing the space-time dimension and normal or-
dering constant. It is interesting to note that in the light cone quantization procedure
it is unitarity that is manifest and imposing Poincaré covariance fixes the dimension
and normal ordering constants to these same values. This means that it is the conflict
between unitarity and causality which uniquely fixes string theory, this is of course
reminiscent to anyone practicing S-matrix bootstrap.

Open string In the open string case the total classical worldsheet hamiltonian is
given by H = Ly. Then everything else is given by just the unbarred sector of the
closed string. Indeed one can think of the right and left moving sectors of the closed
string as forming two independent copies of the open string.

2.3.3 Mass shell formula

Closed string If we add and subtract the first two constraints in (2.3.27) we get

(Lo+Lo—a—a)ly) =0, (2.3.31)
(Lo— Lo —a+a)y)=0. (2.3.32)

Since H = Lo + Ly — a — a is the quantum worldsheet Hamiltonian which generates
time translations on the worldsheet the first constraint can therefore be interpreted as
an equivalent of the Wheeler-DeWitt equation on the worldsheet. It says that there is
no physical significance to the worldsheet time coordinate because the non gauge fixed
theory has worldsheet time diffeomorphism invariance. Similarly P = Ly — Lo —a+a
is the worldsheet momentum which generates space translations on the worldsheet.
Therefore the second constraint says that there is no physical significance to the
worldsheet space coordinate because the non gauge fixed theory has worldsheet space
diffeomorphism invariance. Let us unpack these constraints, we can write
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Z_—J7(,Lb) = 50_40 -0 + Q_py * Qi
m>1
1
m>1

Let us define

N(b)EZO_é_m'O_ém:Zmain'am’

m>1 m>1
N©® = Z Oy Oy = Z majn oy (2.3.34)
m>1 m>1

where we have introduced the ladder operators. Similarly we can define

N(f)zﬂgf):ZmJIn'Jm or NN =L = Z rbl - b,

m>1 r+i>1

ND =1 =3 "mdl, -dy oo NO =L = 3" rif-b,, (2.3.35)
m>1 r+i>1
(R) (NS)

Therefore we see that N = N® + NU) and N = N® + NU) correspond to the
number operators in the left and right moving sectors respectively. We can see that
in the NS sector the number operator can have half integer eigenvalues. Recalling

that aff = oy = y/%p" the second constraint (2.3.32) is just the matching condition

(N — d) |y = (N —a)|¢) (2.3.36)
and if we define the mass operator M? = —ptp,, the first constraint (2.3.31) is the
mass-shell condition which gives the string spectrum
9 4 - 4
M) = = (N =) [g) = = (N —a) |¥) (23.37)
We see that for all sectors except (NS-NS) the matching conditions prevent the mass
operator from being negative. For the (NS-NS) sector however the ground state has
negative mass M? = —2/d’, it is a tachyon. This usually suggests some inconsistency
having to do with causality in our theory or at least that the vacuum vacuum is
unstable. We will see how we can resolve this by introducing a consistent projection
of the spectrum of our theory.
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Open string For the open string there are no independent left and right movers
therefore there is no matching condition. Furthermore the mass-shell condition is
slightly different because we have af = v2a/p* therefore

1
M) = = (N = a)[¢) . (2.3.38)
Again in the (NS) sector nothing prevents the mass operator from having negative

eigenvalues and in fact the ground state is again tachyonic M? = —1/2¢.

2.3.4 Spectrum

We will now find the particle spectrum of type II superstring theory, that is, find
irreducible unitary representations of the 10-dimensional Poincaré group that make
up the space of physical states. We will want to focus on the massless spectrum i.e.
the particles of eigenvalue M? = 0 because in the field theory limit, when o' — 0,
all other modes get infinitely high masses and decouple from the theory. Therefore
the effective field theory of type II superstring theory will only capture the massless
spectrum. Since we have seen that the closed string can be obtained from the tensor
product of two copies of the open string we start by deriving the spectrum of the
open string.

Open string Let us start by considering the spectrum of the (R) sector. We can
easily see that

[df, Ng] =0, (2.3.39)
and therefore

[dy, M?] =0, (2.3.40)

for u = 0,...,9. Therefore the d} stabilize the eigenspaces of M?. Let |4, a) be a
basis of some eigenspace of M?. This means that each dj maps basis states to some
linear combination of themselves

dy [, a) = (A*),”[,b) , (2.3.41)

for some matrix A*. However we can see from the commutation relations (2.3.22)
that the 0-modes dfj satisfy

{dt, d5} = . (2.3.42)
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Therefore we can see that the v/2d}j define a representation of the 10-dimensional
space-time Clifford algebra on the Hilbert space. Hence the v/2 A* must also form
a matrix representation of the 10-dimensional space-time Clifford algebra, we can
therefore see that A* = \%7“ where v* are the ten dimensional gamma matrices and

&[4, a) = %w: 9,b) . (2.3.43)

Hence the [, a) must form a representation on which the Clifford algebra acts, they
are 10-dimensional spacetime spinors. By the spin-statistics theorem this also means
that they are space-time fermions. We have therefore shown that 1l states in the (R)
sector are spacetime fermions.

In particular the ground state extends into a Dirac spinor representation |a), =
|k*;0, a) 5. However we are looking for irreducible representations and we know that
Dirac spinors are not irreducible in 10 dimensions where we can impose both a Ma-
jorana and Weyl condition simultaneously. Therefore we can decompose the ground
state into two inequivalent irreducible representations |+, a) , and |—, a) ,, correspond-
ing to the right and left chirality representations. These finally form irreducible uni-
tary representations of the Poincaré group and can thus be interpreted as particles.
All other states of the (R) sector will be obtained by acting on the ground state with
the (R) raising operators a” and d*! and since they are 10 dimensional space-time
vectors then all physical states in the (R) spectrum will be tensor products of vector
representations with a Majorana-Weyl spinor representation which can then be de-
composed into direct sums of irreducible representations.

In the (NS) sector the ground state |0)yq = |k*;0),yg isn’t degenerate. This
means that it forms the trivial scalar representation of the Poincaré group. All other
states of the (NS) sector will be obtained by acting with the (NS) raising operators
a*f and b*l and since they are 10 dimensional space-time vectors then all physical
states in the (NS) spectrum will be tensor products of vector representations which
can then be decomposed into direct sums of irreducible representations. This means
that there will only be tensor representations and no spinor representations. By the
spin-statistics theorem this also means that they will all be space-time bosons. We
have therefore shown that all states in the (NS) sector are spacetime bosons.

However we have seen that the ground state of the (NS) sector is actually a
tachyon which indicates that the theory is still not fully consistent. We will now
see how we can remedy that by applying the so called GSO projection [25]. Indeed
superstring theories admit a consistent truncation of their spectrum which is necessary
for consistency of the interacting theory. Let us define a projector Pgso which is given
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in the (NS) sector by

Paso = % (1 — (—1)N‘”> ., (NS) (2.3.44)

where N) is the fermionic number operator. This means that we only keep states
with an odd number of b*T oscillator excitations and we remove those with an even
number. This automatically gets rid of the tachyonic ground state |0) 4. Now the
new ground state is the spacetime vector b4 T |0), ¢ which has mass M? = 0. In fact

the GSO projection forces the number operator N to only take half integer values,
hence from the mass shell formula we can see that the spectrum of allowed physical
masses will be multiples of 1/¢/, i.e.

1 2
M? =0, INEDVERE (NS) (2.3.45)
In the (R) sector the GSO projector is defined as
1 )
Péso=3 (1£2%0Y") (®) (2.3.46)

where 7, is the 10 dimensional chirality operator such that

(W)a [E:b) g = £[E,a) - (2.3.47)

In particular, since N |+, a) , = 0, this only keeps one of the chirality ground states.
Here this is merely a matter of conventions and hence we choose P, in order to
keep |+, a) 5. From the mass shell formula we can see that the spectrum of allowed
physical masses will also be multiples of 1/¢/, i.e.

1 2

Svibvits

We can now give the massless spectrum of the type II open superstring. In the
(R) sector we have seen that the ground state |+, a), has mass M? = 0 and that it
is a Majorana-Weyl spinor which is already in an irreducible unitary representation
of the Poincaré group (actually it is a finite dimensional non-unitary representation
of the Lorentz group but one can show that it indeed leads to an irreducible unitary
representation of the Poincaré group on the Hilbert space with little group SO(8)
as for all massless 10 dimensional particles, the same is true for all other particles
that follow). Therefore it describes one particle and cannot be further decomposed.
Similarly in the (NS) sector the ground state b7 |0),¢ has mass M? = 0 and it is

2

a vector which is also an irreducible unitary representation of the Poincaré group.
Therefore the whole massless spectrum of the open string is made up of two particles

M? =0 (R) (2.3.48)
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Sector | State | Boson/Fermion | Field limit

(R) I+, a) fermion AT

(NS) b’i% 10) g boson A,

Table 2.1: Massless spectrum of the open type II superstring

One can see that there is an equal number of bosonic and fermionic degrees of free-
dom and hence that the massless spectrum forms a spacetime A/ = 1 massless gauge
supermultiplet. One can actually show that after GSO projection the entire spec-
trum, including the massive spectrum, of the open string theory is supersymmetric.
This is remarkable as the theory we started from only has worldsheet supersymmetry
but it turns out that it also has space-time supersymmetry as well.

Closed string We can now recover the closed string spectrum by taking the tensor
product of two copies of the open string, one for the right moving sector and one
for the left moving sector and then imposing the suitable matching condition. The
tensor products of two Poincaré representations in the open string sector then further
decomposes into irreducible representations in the closed string sector. One can also
show analogously to the case of the open string that all states in the (R-R) and (NS-
NS) sectors are spacetime bosons and all states in the (R-NS) and (NS-R) sectors are
spacetime fermions.

The GSO projection is also performed independently on the right and left movers
by applying Psso ® Pgso. However we can see that in the (R-R) sector we now
have two inequivalent choices. Indeed, depending on if we keep the same chirality
ground states or opposite chirality ground states for the left and right movers we get
physically inequivalent theories. In other words we can apply the Pjs, ® Pggp or
Plso ® Plgp projectors (the other two choices being equivalent to one of those two).
The two possible string theories one can construct this way are called type ITA and
type IIB. Let’s construct their spectrum. One can show that in both theories and
in every sector the mass shell formula states that the spectrum of allowed physical
masses will also be multiples of 4/a/, i.e.

4 8
2
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Type ITA superstring: This is the theory one gets by keeping ground states of

opposite chirality in the (R-R) sector, in other words, by applying Ply, ® Pggo. In

the (NS-NS) sector the ground state b4 T |0) y ¢ @41 ]0) y¢ has mass M? = 0. However

it is not irreducible, it decomposes inté a spin 2 (s2ymmetric traceless) representation,

a 2-form (antisymmetric) representation and a scalar (trace) representation. In the

(R-NS) sector the massless ground state is |+, a), ® biT|0) ¢ it decomposes into a
2

spin 3/2 and a spin 1/2 Majorana-Weyl representation. In the (NS-R) sector the
ground state is b1 |0) v ¢ ® |—, @) it also decomposes into a spin 3/2 and a spin 1/2
2

Majorana-Weyl representation but of opposite chirality to the (R-NS) sector. Finally
in the (R-R) sector the ground state is |+, a) , ® |—, b) 5, it decomposes into a three
form and a vector representation.

Sector State Boson/Fermion | Field limit
(NS-NS) | ¥iT10) yg @ b5 1[0) yg boson Guvs Buw, ¢
2 2
(R-NS) | |+,a), @VT]0) yg fermion AT
2
(NS-R) | ViT]0)yg ® |— a)p fermion D
2
(R-R) +,a), ®|—,0)5 boson Cop, Cy

Table 2.2: Massless spectrum of the closed type ITA superstring

Type IIB superstring: This is the theory one gets by keeping ground states of

same chirality in the (R-R) sector, in other words, by applying Plg, ® Pggo. The

(NS-NS) sector is the same as for type IIA, the ground state 04T |0)y e ® 057 |0) g
2 2

has mass M? = 0 and it decomposes into a spin 2 representation, a 2-form represen-

tation and a scalar representation. In the (R-NS) sector the massless ground state
is [+, a) , ® V110) yg, it decomposes into a spin 3/2 and a spin 1/2 Majorana-Weyl
2

representation. In the (NS-R) sector the ground state is V1 ]0) s ® |+, a)p, it also
2

decomposes into a spin 3/2 and a spin 1/2 Majorana-Weyl representation and of same
chirality as the (R-NS) sector so that those two sectors are actually the same. Finally
in the (R-R) sector the ground state is |+,a), ® |+,b)p, it decomposes into a self
dual four form, a two form and a scalar representation.
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Sector State Boson/Fermion Field limit
(NS-NS) | 047[0) yg @ b1T]0) g boson Guvs Buv, ¢
2 2
(R-NS) | |+,a)p @V 1]0) yg fermion Vi, AT
2
(NS-R) | biT[0)yg @ |+, a)p fermion D O
(R-R) +,a)p ® |+,0) 5 boson Cowvpos Cuwy Co

Table 2.3: Massless spectrum of the closed type IIB superstring

In both cases one can show that the massless field content of the closed string
forms a spacetime N = 2 massless graviton supermultiplet. One can also show that
the massive spectrum is supersymmetric (even though their ground state differ the
massive states of type IIA and type IIB string theory are actually all the same).
Note that because type II string theory possesses A/ = 2 supersymmetry this actually
prevents the theory from containing open strings as these only have N' = 1 super-
symmetry. Therefore type II superstring theory only contains closed strings. One
might think that there must also exist a theory containing only type II open strings
and no closed strings however this theory would be inconsistent because open strings
can always close to make closed strings. Actually if one includes D-branes in type
IT string theory then there can be open strings whose endpoints are attached to the
D-branes, therefore these have Dirichlet boundary conditions instead of Neumann
boundary conditions. This is possible because BPS D-branes typically break half of
the supersymmetry of the theory. However D-branes are non perturbative objects
and therefore don’t appear in the perturbative spectrum of the theory.

Here we have used the RNS formalism to construct the superstring where we
impose supersymmetry on the worldsheet and we recover space-time supersymmetry
after GSO projection. There is another formalism that can be used which is called the
GS formalism where space-time supersymmetry is imposed from the beginning, one
can show that we recover the same theory without having to impose GSO projection,
the two formalisms are thus equivalent. However the GS formalism is much harder
to quantize and to use in practice.
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2.4 Other superstring theories

We have seen that type II superstrings leads to two consistent superstring theories.
These are the only two maximally supersymmetric string theories. However they are
not the only consistent string theories.

Type I superstring The type I superstring is derived by applying a so-called
orientifold projection on the type IIB superstring. This means quotienting the theory
by the Z, symmetry that exchanges the orientation of the string. This breaks half
of the supersymmetry and therefore therefore allows open strings. One thus gets
a theory of unoriented closed and open strings which only has N' = 1 spacetime
supersymmetry. In the open string sector, anomaly cancelation singles out SO(32)
as the only possible gauge symmetry group.

Heterotic superstring The heterotic superstring is constructed by exploiting the
independence between left and right movers in the closed string sector. Here the left
movers are given a bosonic string structure and the right movers are given a type II
superstring structure. The spacetime dimension is still 10 because we only add 10
x# coordinate fields (¢ = 0,...,9). But since the left moving sector is bosonic the
central charge of the Virasoro algebra needs to be 26 and not 10. In order to remedy
this we add 32 fermionic left movers so that ¢ = 10+32/2 = 26. This is known as the
fermionic construction of the heterotic superstring. Note that there is an equivalent
bosonic construction which uses 26 left moving coordinates where it appears that the
spacetime dimension is different in the right moving and left moving sector, however
this formalism leads to the same theory as the fermionic construction which clearly
has 10 spacetime dimensions. We can see that heterotic string theory only contains
closed strings because there are no independent right and left movers for open strings.
The action for the heterotic string in conformal gauge is given by

g—__1 / d’0 (204 2"0_x, + ip* 0. 1b, + INO_NT) | (2.4.1)

2ma/
where A4 are 1-dimensional worldsheet Majorana-Weyl spinors but are spacetime
scalars, A = 1,...,32. The additional 16 coordinates in the left moving sector are
compactified on a torus defined by a 16-dimensional even self dual lattice. There are
only two such lattices which lead to two different theories

Heterotic SO(32) superstring The first choice is to use the root lattice of the
Lie group Spin(32)/Z, which is often just abbreviated to SO(32) because Spin(32) is
the four-fold cover of SO(32). The resulting theory has A/ = 1 supersymmetry. The
compactification lattice give the theory an SO(32) gauge symmetry.
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Heterotic Eg x Eg superstring The second choice is to use the root lattice of
the Lie group Fg x Fgs. The resulting theory also has AN/ = 1 supersymmetry. Its
compactification lattice give it an Fg x Eg gauge symmetry. Historically this was
phenomenologically very interesting because the gauge group of the standard model
fits inside Eg through a nice chain of embeddings

SU(3) x SU(2) x U(1) c SU(5) € SO(10) C Es C E7 C Es. (2.4.2)

The various Lie groups that appear in this sequence are precisely the ones that have
been the most studied as candidates for grand unification symmetry groups. This is
why initially many Calabi-Yau compactifications were aimed at reducing the heterotic
Es x FEg superstring down to 4 dimensions. Today however this motivation is seen
as less important as grand unification theories have been mostly abandoned and we
have now understood how to get gauge groups from type II theories via singularities.

2.5 Supergravity limit

It is a fact that all string theories contain a massless spin 2 field. Therefore, as we have
seen, it can be shown from very general arguments that the low energy limit must be
that of general relativity [8—11] and therefore this field must be the graviton. One can
also compute that the low energy limit of the graviton amplitudes calculated within
string theory and check that they reproduce exactly scattering amplitudes calculated
with general relativity. There is a third way to see that string theory is indeed a theory
of quantum gravity that reproduces general relativity at low energies. Indeed, from
the beginning we have quantized our strings around flat space-time. Even though
this is much harder we can also choose to quantize them in a curved background,
at least formally. If we focus on the bosonic sector of the theory this is achieved by
using the form (2.2.7) of the Polyakov action where the flat metric is replaced by a
generic metric g,,,. This is like a non-linear sigma model with the metric g,, acting
as a coupling function. And the condition that this new action is still invariant under
worldsheet conformal transformation at the quantum level is that the beta functional
for the metric vanishes. One can show that at the one loop level this condition is
exactly equivalent to the metric obeying the Einstein equation for general relativity

0=08u(9) =R, . (2.5.1)

One can even add other background field corresponding to the other massless
bosonic fields of the spectrum (these are the only fields which can form a coherent con-
densate and propagate at long distances and therefore have a classical background).
The particle content of the (NS-NS) sector is actually universal to all string theories,
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these are called the graviton, the Kalb-Ramond form and the dilaton. Therefore we
can couple the action to the dilaton and the Kalb-Ramond background fields to get

1

4o/

S:

/ng (\/ —h h“baax"@bx”gw + 5“bBW8ax“8bx” +vV—=h o/gbR) , (2.5.2)

where R is the worldsheet Ricci scalar. Therefore we can see that The Kalb-Ramond
form can be interpreted as some sort of generalised gauge field coupled to the strings.
Now the condition that the one loop beta functionals vanish is given by [61-64]

a/
0=Bulg) = O/RMV + QQ/VMVV¢ - ZHMUpHuUpa
/
0 = BMV(B) = _%vapu,V + alvp¢HpMy ) (253)

/

;_4 H,, H™

where H,,, = 0,B,, + 0,B,, + 0,B,, is the field strength associated to the Kalb
Ramond field. These correspond to the simplest equations of motion one can write
involving a graviton, a two form and a scalar. If one repeats the same procedure
with the other massless bosonic fields of the (R-R) sectors one would find appearing
the equations of motion of the bosonic sector of various supergravity theories in ten
dimensions. These are the low energy field theory limit of string theory. Actually
these equations of motion give an action where the dilaton is non minimally coupled
to gravity, this is the so-called string frame. One can perform a conformal field redef-
inition to recover a canonically normalised Einstein-Hilbert term, this is the so-called
Einstein frame.

0= B(6) = ~ 2V, V40 + 'V, 67" -

For the rest of this thesis and contrary to the previous chapter we define the
D-dimensional the gravitational coupling constant by x% = 87G and we define the
D-dimensional Planck length by 2x2, = (27)P~31572

2.5.1 Classification of supergravity theories

Supergravity is, at its core, a supersymmetric version of Einstein’s theory of general
relativity. However it is more than that. If general relativity can be seen as the gauge
theory of local Poincaré symmetry, then supergravity can be seen as the gauge theory
of local superPoincaré symmetry. Therefore, just like the graviton is the gauge field
for Poincaré invariance the gravitino field, the graviton’s supersymmetric partner, can
be seen as the gauge field for supersymmetry invariance. See [65] for a comprehensive
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introduction to supergravity.

Supergravity theories are invariant under local supersymmetry. Therefore their
field content must form a supermultiplet. Since this is a theory of gravity we require
that the theory contains at least the graviton supermultiplet, that is, a supermultiplet
containing a massless spin 2 particle. And since no consistent theory containing a
massless particle with spin higher than 2 is known we require that the theory con-
tains no such particles in its supermultiplet. One can show that this implies that our
theory can have no more that 32 real supercharges components.

This result holds in any dimension but can easily be checked in 4 dimensions.
Indeed, in 4 dimensions, we know that for each supercharge we add a particle with
helicity higher by 1/2 to the massless supermultiplet. Therefore starting from a par-
ticle with helicity —2 it takes 8 supercharges to get to a particle with helicity 2. This
forms a massless supermultiplet that is automatically CPT invariant, contains the
graviton and no particle with higher spin. Anymore supercharges would necessarily
add particles of spin higher than 2 to the supermultiplet. Therefore 8 supercharges is
the maximum one can have in 4 dimensions. However, one is always required to use
minimal spinor representations for supercharges, in 4 dimensions we can use Majo-
rana or Weyl spinors, both of which have 4 real components. Therefore the maximum
number of real supercharges components is indeed 8 x 4 = 32.

This also justifies why the result holds in other dimensions. Indeed if we could
find a consistent supergravity theory with more that 32 real supercharges components
in some dimension higher than 4 we could always dimensionally reduce the theory to
4 dimensions by compactifying on a torus. This doesn’t break any supersymmetry,
therefore our dimensionally reduced theory would define a consistent four dimensional
theory with more that 32 supercharge components, but this would necessarily include
some particle with spin higher than 2 and we know that is not possible. Hence, since
for any dimension greater than 11 the minimal spinor representation has more than
32 components then the maximal dimension in which supergravity can exist is 11.

Up to the non gravitational sector, it is possible to classify the supergravity the-
ories by the local supersymmetry algebra they are based on. For each number of
supercharge N we will get a different supergravity theory. When the only minimal
spinor representation is Weyl or Majorana-Weyl (in dimensions 6 and 10 for exam-
ple) we have to distinguish the possible chiralities of the supercharges, hence we write
N = (p,q) where we have p supercharges of one chirality and ¢ supercharges of the
other chirality. Note however that the SUSY algebra N = (p, q) is equivalent to the
SUSY algebra N' = (¢, p). When both Majorana and Weyl represenations are avail-
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able then both descriptions are equivalent and hence we do not have to distinguish
by distribution of chiralities since this distinction doesn’t apply for Majorana spinors.

However not all supersymmetry algebras with less that 32 supercharge compo-
nents lead to independent supergravity theories. For example in 6 dimensions the
N =(3,1), N =(4,0) and N = (3,0) theories don’t contain a graviton but instead a
more complicated tensor field, no non-linear action is known for them and thus they
are generally not considered to exist as supergravity theories. In 4 dimensions the
N =7 is automatically equivalent to the N' = 8 theory, thus it is not included as an
independent supergravity theory. The independent supergravity theories are given in
table 2.4 [65].

Dim 32 24 20 16 12 8 4
M

11 N =1

10 ITA 1B I
(1,1) | (2,0) (1,0)

9 N =2 N=1

8 N =2 N=1

7 N =2 N=1

6 2,2) 21) 11 | @0 (1,0)

4 N =38 N=6|N=5 N =4 N=3 | N=2N=1

Table 2.4: Classification of supergravity theories in dimensions greater than 4. Each
entry represents the possibility to have supergravity theories in a specific dimension
with the number of real supersymmetries indicated in the top row.

Note that in 7 and 5 dimensions, where symplectic-Majorana spinors are used
the supergravity theories are often referred to as N' = 2,4, 6,8 for 5 dimensions and
N = 2,4 for 7 dimensions. Thus effectively counting twice as less components per
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supercharge. The supergravity theories in dimensions 10 and 11 have special names
because they are the low energy limits of string theories. Indeed D = 11 supergravity
is the low energy limit of M-theory, type IIA and type IIB supergravity are the
low energy limits of type IIA and type IIB string theory respectively while type I
supergravity is the low energy limit of the gravitational sector of type I and heterotic
string theories. Let us quickly review their field contents and the bosonic parts of
their actions.

2.5.2 D =11 Supergravity

Eleven dimensional supergravity was discovered in 1978 by Cremmer, Julia and
Scherk [66]. The field content of 11 dimensional supergravity theory can be found by
matching bosonic and fermionic degrees of freedom, it is surprisingly simple, we have

uv ¢u ) A;wp ) (2.5.4)

where g, is the graviton, ¢, is the gravitino and A,,, is a three form. This forms a
massless N/ = 1 graviton multiplet. The bosonic part of the action is given by

1 1

1
S 2ﬁ2 /dllx \ /—g (R — §‘F4‘2) — 12,{2 /Ag A F4 A F4, (255)
11 11

where Fy = dAjs is the field strength tensor associated with the three form. The
eleven dimensional coupling constant is given in terms of the eleven dimensional
Planck length by 2x2, = (2m)31%.

Other than the fact that this is the maximal dimension in which we can have su-
pergravity eleven dimensional supergravity is also special because of its uniqueness.
Nothing can be added and it cannot be modified. The only tunable parameter of
the theory is the eleven dimensional gravitational constant. Since its discovery eleven
dimensional supergravity has sparked a lot of interest, indeed many interesting max-
imally supersymmetric supergravity theories can be obtained from it by dimensional
reduction such as N' = 8 supergravity and SO(8) gauged supergravity in four dimen-
sions and type ITA supergravity in ten dimensions. Eleven dimensional supergravity
is also the low energy limit of the massless sector of M-theory which is also believed
to be unique and containing no free dimensionless parameters [30].
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2.5.3 Type ITA supergravity
The field content of type ITA supergravity is

g,tu/7 :7 Bw/a )‘77 ¢7
Vs Cup, Cuy AT, (2.5.6)

where w;r and 1, are gravitini of opposite chirality, B, is the Kalb-Ramond two form,
A~ and A1 are spinors of opposite chirality called the dilatini, ¢ is a scalar called the
dilaton, C},, is a three form and C}, is a one form. This is exactly the massless field
content of type ITA string theory, it forms a massless N' = (1,1) graviton multiplet.
Type ITA supergravity can be found as the dimensional reduction of 11-dimensional
supergravity on a circle.

String frame The bosonic part of the action in string frame is given by

1 10 —24 s 1 2 Lo 1~
— V= AVOP—=|Hy? ) = = |B[2—=|F
S 2}{%0/(1 T/ —g (e R+ 4|V 2| 3] 2] b| 2\ 4
1
— 52 | B ARAE (2.5.7)
10

where Hy = dBsy, Fy = dC4, Fy = dCjs, F4 = Fy + Cy N Hs. This is the action which
reproduces the vanishing of the one loop beta functionals (2.5.3) as its equations of
motion if one also includes the (R-R) fields of type IIA string theory, therefore it is
indeed the low energy limit of type IIA string theory. This allows us to relate the
gravitational coupling constant to the string length by 2x%, = (27)718¢% where we
have assumed the we have absorbed the vacuum expectation value ¢, of the dilaton
into the coupling constant and defined the string coupling g, = e?°. By definition
this means that the ten dimensional Planck length is related to the string length by
Ip =gz,

Einstein frame The action (2.5.7) reproduces the right low energy limit of type
ITA string amplitudes but we can see that it contains non minimal gravitational
couplings with the dilaton and the dilaton kinetic term has the wrong sign. We can
recover a canonically normalised action by the following conformal field redefinition

g,(f) = e_ggl(ﬁ,). Therefore the bosonic part of the action in Einstein frame is given by
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1 1 1 1 s 1o =
S=—7 [ d% /=g | R— =|Vo|*—=e ?|Hs|*—=e2?| Iy —=ez | Fy|?
2@m/ ‘ 9( 5| Vo e |~ 52| o — e | B
1
— —— [ B,AF,ANFy. 2.5.8
4/{%0 2 4 4 ( )

This action can be found by dimensional reduction of eleven dimensional super-
gravity with the ansatz

ds}, = e%¢(d9 + Cda™)® + e’%dsfo : (2.5.9)
Therefore the coupling constants of 11-dimensional supergravity and type ITA super-
gravity are related by x2; = 27 R k%, where R is the radius of the compactified circle.

This explains why the field content of type ITA supergravity is non chiral because
dimensional reduction always gives achiral theories.

2.5.4 Type IIB supergravity
The field content of type IIB supergravity is

g,LLVJ :7 B,Ltl/a )\77 ¢7

,/j_ ) Cuupa ) C;UJ ) )\/_ ) CO 3 (2510)

where ¢ and w;f are gravitini of the same chirality, AT and At are dilatini of the
same chirality, C},,» is a self dual four form, C,, is a two form and Cj is a scalar.
This is exactly the massless field content of type I1B string theory, it forms a massless
N = (2,0) graviton multiplet.

String frame Because of the self duality of the four form an action for type IIB
supergravity is not strictly well defined as the kinetic term for the four form would
identically vanish. This would be a problem for a path integral formulation of type IIB
supergravity however if the purpose is only to find a classical action which reproduces
the vanishing of the one loop beta functionals (2.5.3) as its equations of motion (if
one also includes the (R-R) fields of type IIB string theory) then it is not a problem
to simply supplement the equations of motion with the self duality of the four form
as a constraint. Therefore the bosonic part of the action in string frame is given by

1 1 1 1, ~ 1, ~
S=— [ d% /=g (e[ R+4|Vo|*—=|H3|* | — = |F1|*—=|F5]*— = | F5?
oo [ @%0v=g (2 (R AVOP=JIHP ) = SIF P PP i
1
-1 Cy A Hs A Fy, (2.5.11)
10
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where Hg = dBQ, F1 = dCQ, F3 = dCQ, F5 = dC4, Fg, = F3 - C()Hg and F’5 =
F5 — 3C5 A Hy + 3By A F3. The self duality condition is imposed as a constraint
separately

Fy = xF5. (2.5.12)
Without this self duality constraint the number of bosonic and fermionic degrees of

freedom in the action do not match meaning that it is not properly supersymmetric.

One can check that type IIB supergravity dimensionally reduced on a circle and
type IIA supergravity dimensionally reduced on a circle give the same 9 dimensional
theory. This is because there is only one maximally supersymmetric theory in 9
dimensions. In the string theory limit this comes from T-duality.

Einstein frame The bosonic part of the action in Einstein frame is given by

1 _
S 2/{ /dwx\/ (R——‘V(MQ——Q ¢‘H3‘2 2¢‘F ‘2——€¢’F3’2——|F5’2)
10
1
Cy N Hs N\ F: 2.5.13
4/€10 4 3 3- ( )

If we define the axio-dilaton as 7 = Cj 4+ ie~? then one can check that the transfor-
mation 7 — —1/7 and B, <> —C,, leaves the action invariant. In the string theory
limit this is called S-duality. If Cy = 0 then the dilaton transforms as ¢ — —¢ and
therefore the string coupling transforms as g; — 1/gs which shows that S-duality is
a non perturbative strong-weak duality.

2.5.5 Type I supergravity
The field content of type I supergravity is

s Yus Cuws A, . (2.5.14)

This forms a massless NV = 1 graviton multiplet. However unlike the maximally
supersymmetric case there is another A/ = 1 multiplet that the theory can be consis-
tently coupled to. Indeed it turns out that ten dimensions is the maximal dimension
in which we can have super Yang Mills theory. Since it also has N’ = 1 supersymmetry
it can be consistently coupled to type I supergravity. For reasons of anomaly cancel-
lations only certain gauge groups are allowed, we select SO(32). The field content of
SO(32) super Yang-Mills theory is
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AL, A (2.5.15)
where A gauge connection one form in the adjoint representation of SO(32) and \*

is a spinor also in the adjoint representation of SO(32) called the gaugino. This forms
a massless N = 1 gauge multiplet.

String frame The bosonic part of the action in string frame is given by

1 1z
S =57 /dwx\/—g (e_w (R+4|Vel*) - ‘|F3|2)
K1o 2
1
5 Az /=g e %tr |F|?, (2.5.16)
10

where Fy = dCy, Fy = dA; + Ay AN A; and Fy = Fy — l%(w;m —wh). wM and Wk are
the non abelian Chern-Simons three forms

2
ng = tr (Al /\dAl + §A1 /\Al /\Al) s

2
(,U:I; = tr (Cdl A\ dw1 + gwl ANwp A wl) , (2517)

where w; is the spin connection. This is the low energy limit of type I string theory
provided the Yang-Mills coupling constant is given by 2¢3, = 4(27)"15g,.

Einstein frame The bosonic part of the action in Einstein frame is given by

1 1 1 -
_ le — _ = 2~ ¢F 2
S —2H%0 T/ —g (R 2|V§b| 26 | F3] )
1

¢
- 2—2/d10x —geztr |2, (2.5.18)
910

2.5.6 Heterotic supergravity

The field content of heterotic supergravity is
gw/ ) 'QZ)M ) B;LV ) A ) ¢ )
Ay, A% (2.5.19)

where A}, gauge connection one form in the adjoint representation of .S O(32) or Egx Eg
depending on the version of the theory and A® is the gaugino also in the adjoint
representation of SO(32) or Eg x Eg.
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String frame The bosonic part of the action in string frame is given by

1 1 -~
S:— le — —2¢ R 4 2 - H 2
2%0/ x ge + 4|V | 2| 3|
1
- ?/dmm —ge tr |Fy)?, (2.5.20)
10

where Hsy = dBy, Fy = dA; + A; A Ay and Hy = Hy — %(w;fM —wh). wiM and WY are
the non abelian Chern-Simons three forms associated to the non abelian Yang-Mills
connection and the spin connection respectively.

The SO(32) theory and the Eg x Eg theory give the same 9 dimensional theory
when dimensionally reduced on a circle provided one gives a vacuum expectation value
to the gauge field A; along the compactified dimension which breaks down the gauge
group to SO(16) x SO(16)." This is another example of T-duality in the string theory
limit. Also the Eg x Eg theory arises as 11-dimensional supergravity dimensionally
reduced on an interval I'' = S'/Z,.

Einstein frame The bosonic part of the action in Einstein frame is given by

1 1 1
S =55 / A"z /=g (R - 5|V¢|2—§e‘¢|H3|2)

2K70
1
- —Q/dlox V=g e Tt |Fy)? . (2.5.21)
2970
One can see that if the gauge group is SO(32) the transformation ¢ — —¢ and
B,, < C,, maps heterotic supergravity to type I supergravity. This is another

example of S-duality in the string theory limit.

2.5.7 Anomalies

One can show that all five supergravity limits of string theory are anomaly free. This
is quite a miraculous result which led historically to the first superstring revolution.
Indeed the fields that can contribute to anomalies are chiral fermions in D =0 mod 2
dimensions, i.e. spinors and gravitini, as well as (anti) self dual forms in d =2 mod 4
dimensions. Gravitini and higher gauge forms can’t couple to gauge interactions,?

!This can be though of as giving a non trivial vacuum expectation value to a Wilson loop.
2This is only true because we are not considering gauged supergravities
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only to gravity, therefore they are only subject to pure gravitational anomalies which
only occur for dimensions D = 2 mod 4. In D = 10 dimensions all of these anoma-
lies are possible and they are indeed present in all supergravity limits of string theory.

Type II supergravity If we assume no gauge symmetry in our theory then the
cancellation of the gravitational anomaly polynomial constitutes a critically deter-
mined homogeneous linear system. In general such a system only has the trivial
solution which corresponds to the field content of type ITA supergravity which is
trivially anomaly free because it is achiral. Amazingly, however the system is degen-
erate and admits non-trivial solutions. The simplest and only solution with less that
two gravitini (which is necessary in order to have less than N/ = 2 supersymmetry
which is the maximum allowed in ten dimensions) corresponds to the field content of
type IIB supergravity. Therefore, not only is type IIB supergravity miraculously free
of gravitational anomalies, it is also the simplest chiral theory in ten dimensions in
which gravitational anomaly cancellation occurs. Hence the field contents of type ITA
and type IIB supergravity are the only two consistent field contents in 10 dimensions
without gauge symmetry.

Green-Schwarz mechanism If one allows for a gauge group one cannot have more
than N = 1 supersymmetry. Hence the theory will necessarily have the field content
of type I supergravity coupled to super Yang-Mills theory. One can show that if the
anomaly polynomial factorises as

Lo = (TrR; — Tr F}) A X, (2.5.22)

for some for some gauge invariant and local Lorentz invariant closed form Xg, where
Ry = dwy + wy A wy is the Riemann curvature two form and Fy, = dA; + A; A Ay is
the Yang-Mills gauge field strength. Then the ensuing anomaly can be cancelled by
introducing the following non gauge invariant and non Lorentz invariant counter-term

Scounter—term - /B2 A XS s (2523)

where B, is the two form in the massless N' = 1 graviton multiplet of type I su-
pergravity (it is the Kalb-Ramond two form in heterotic supergravity and the (R-R)
two form C),, in type I supergravity). One can check that such a factorisation of the
anomaly polynomial is highly non trivial and happens for only four groups : SO(32),
Egx Eg, EgxU(1)** and U(1)% [29]. The fact that such groups even exist is nothing
short of a miracle. This anomaly cancellation mechanism is called the Green-Schwarz
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mechanism. It is only possible because the theory contains a 2-form which transforms
under both gauge and local Lorentz symmetry and from which we can build a non
invariant counterterm.

Therefore anomaly cancellation severely constrains the possible supergravity the-
ories in ten dimensions. What is more incredible is that these consistent supergravity
theories turned out to be exactly the low energy limits of the various superstring
theories. For type I superstring theory, the gauge group SO(32) is singled out by
the fact that open strings can only carry charges associated with orthogonal or sym-
plectic groups while for the heterotic superstring we have seen that the gauge groups
SO(32) and Eg x Eg are singled out by the fact that their weight lattices are the
only 16 dimensional even self dual lattices. On the other hand, the somewhat more
trivial solutions to the anomaly cancellation conditions, Eg x U(1)*#® and U(1)%*%
do not seem to correspond to any consistent superstring theory [41,43]. Since only
the massless spectrum can contribute to anomalies this means that the full string
theories, including the massive spectrum, are also anomaly free.?

2.6 Dualities and M-theory

We therefore have five consistent superstring theories : type ITA, type IIB, type I,
heterotic SO(32) and heterotic Fg x Eg. These have as low energy field theory limit:
type IIA, type IIB and type I supergravity along with SO(32) and Eg x Eg super
Yang Mills.

However it was realised in the 90s that all superstring theories were related by
dualities [30,67,68]. First of which is called T-duality which relates a theory compact-
ified on a circle S* of radius R to another theory compactified on a circle S* of radius
o//R. One can show that type IIA and type IIB string theory are related to each
other by T-duality. This is not surprising as type ITA and type IIB supergravity give
the same unique 9 dimensional supergravity theory when dimensionally reduced on a
circle S*. Similarly one can show that heterotic SO(32) and heterotic Fg x Fg string
theory are also related by T-duality. For a review of T-duality in string theory see [69].

The second type of duality is called S-duality which relates a theory with cou-
pling constant gs to another theory with coupling constant 1/g,. It is the analog of
electric-magnetic duality (or strong weak coupling duality) in gauge theories. One

3Actually this only applies to the perturbative spectrum, in the non perturbative sector string
theory can have D-branes whose coupling to supergravity can induce anomalies on their worldvolume,
one also needs to check that these anomalies cancel.
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can show that type I and heterotic SO(32) string theories are related by S-duality
and that type IIB string theory is related to itself by S-duality [67,68].

Since we already know that type I string theory is related to type IIB string theory
by orientifold projection this shows that all superstring theories are related to each
other by some sort of duality. But this is not all, one can also show that type ITA and
heterotic Fg x Eg grow an eleventh dimension in the strong coupling limit : a circle
St of radius R = gl for type ITA and an interval I' of length L = g,l, for heterotic
Eg x Eg. This leads us to see that there exists an 11 dimensional theory which is
the strong coupling limit of either type ITA or heterotic Fg x Fy string theory, this
is M-theory [30]. Since type ITA supergravity results from the dimensional reduction
of eleven dimensional supergravity on a circle S! it is natural to expect that the low
energy field theory limit of M-theory is eleven dimensional supergravity.

Theory Low energy limit
M-theory Eleven dimensional supergravity
Type IIA string theory Type ITA supergravity
Type IIB string theory Type IIB supergravity

Type I string theory

SO(32) super Yang-Mills
Heterotic SO(32) string theory | Type I supergravity

Heterotic Fg x Eg string theory Es x Eg super Yang-Mills

Table 2.5: Low energy field theory limit of M-theory and the five superstring theories.

The full formulation of M-theory is still not very well understood because it is
fundamentally a non perturbative theory. However all five superstring theories can
be thought of as originating from M-theory: first by dimensional reduction to either
type ITA or heterotic Eg x Eg string theory and then by the application of S-duality,
T-duality or orientifold projection to any other type of string theory. This is summa-
rized in figure 2.1.

The fact that all of these theories are related by dualities seems to indicate that

they are all description of some single underlying theory. In fact it was conjectured
that all five superstring theories and M-theory are just different solutions of some
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Figure 2.1: The various dualities connecting the superstring theories and M-theory
in 11, 10 and 9 dimensions.

unique underlying theory U around different consistent quantum vacua.* Thus this
would suggest a completely unique theory of nature, whose equation of motion admits
many vacua. This is the realisation that sparked the second superstring revolution.

Figure 2.2: The space U of consistent quantum vacua. M-theory, type ITA, type I1B,
type I, heterotic SO(32) (HO) and heterotic Eg x Eg (HE) string theories all arise as
solutions of the same underlying theory i.

4Most authors in the literature do not make the distinction between U and M-theory as very
little is known about the full formulation of this unifying theory anyways. This nomenclature is due
to [53].
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Chapter 3

String amplitudes

Contrary to other attempts at quantum gravity, string theory is a perturbative ap-
proach. This may only give us a partially obstructed insight into the phenomenology
of quantum gravity (although there are many non perturbative results which have
come out of string theory, some of which we will see) but on the other hand this al-
lows us to make actual calculations of interactions. Indeed, after more than 80 years
of quantum field theory it seems like the best understood way to handle non trivial
interactions is still through perturbation theory. In fact we will see that the pertur-
bative structure of string theory can even be compared to the perturbative structure
of quantum field theory, in particular for graviton interactions.

In this section we begin by reviewing the subject of string amplitudes and string
interactions. We then specialise to the maximally supersymmetric case where we give
a review of the moduli space of Riemann surfaces. We then discuss the factorisation
properties of maximally supersymmetric amplitudes. Using the formalism of spinor
helicities we show that the unitarity properties of superamplitudes in 6 dimensions
reduce to unitarity properties of scalar amplitudes. Finally we review the field theory
limit of string amplitudes through the lens of tropical geometry. We apply these
tools to the one loop string amplitudes in 8 dimensions to address the logarithmic
divergences in the corresponding supergravity amplitudes.

3.1 Vertex operators

We have seen that from the worldsheet perspective string theory simply corresponds
to a free theory. Before gauge fixing it can be argued to contain gravity but two
dimensional gravity is locally trivial. Furthermore the fields of the theory, the bosonic
coordinates z* and the fermionic ¥* do not directly correspond to the states we want
to study. One might then wonder how one goes from an almost trivial free theory
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of scalars and spinors to an interacting theory of gravitons and other fields. This
comes from the fact that string theory can be seen as a first quantized theory where
spacetime corresponds to the target space and not the base space. In fact it is precisely
because the geometry of the base space, the worldsheet, can be non trivial which is
responsible for much of the non triviality of string theory.

Indeed, in the quantum theory, before gauge fixing, one will have to sum over all
worldsheet geometries. We have seen that locally they are all conformally equivalent,
however globally they may differ by their topology. This sum over worldsheet topolo-
gies can be interpreted as a sum over histories of the strings. One can see that strings
merging and splitting will correspond to worldsheets with different numbers of holes,
see figure 3.1. Even the number of initial and final strings will change the topology
of the worldsheet. Furthermore the initial and final strings can have different states
corresponding to their vibration modes. Therefore there must be quantum numbers
associated with asymptotic legs of the worldsheet. Since by conformal rescaling these
external legs can be reduced to points or punctures on the worldsheet, see figure 3.2,
this means that these quantum numbers have to be realised by local operators in the
quantum theory. For open strings these operators must act on the boundary of the
worldsheet while for closed strings they act on the interior of the worldsheet. We call
these vertex operators.

Figure 3.1: Worldsheets of closed strings merging and splitting. Different closed string
interactions lead to different worldsheet topologies.

In order to find these vertex operators we first perform a Wick rotation of the
worldsheet time coordinate 7 — —i7 so that the metric becomes positive definite.
This allows us to go from Lorentzian geometry to the much simpler Riemannian ge-
ometry. We then define holomorphic and anti-holomorphic coordinates ¢, = 7 + ic
which turns the worldsheet into a Riemann surface. Finally we make the coordinate
transformation z = €2¢, z = €% for closed string and z = e°, z = ¢¢ for open strings.
This maps the closed string worldsheet, which is a cylinder, to the plane and it maps
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Figure 3.2: Conformally rescaled closed string worldsheets. The external legs have
been rescaled to punctures represented by crosses on the Riemann surfaces.

the open string world sheet, which is a strip, to the upper half plane. In both cases
the infinite past 7 = —oo is mapped to the origin z = 0 while the infinite future
T = +00 is mapped to infinity z = +o0.

Under this coordinate change the gauge fixed Polyakov action (2.3.7) becomes

Si

2o

/d2z (axuéx# — PHOp, — 1;“(91/;,1) , (3.1.1)

where ¢* and ¢* are holomorphic and antiholomorphic fields corresponding to (0
and 9" respectively in the Lorentzian description. Any local and unitary quantum
field theory such as the one we have built in the previous chapter should have an

appropriate state-operator correspondence, i.e. a way to associate to each state [1))
a field V,,(2) such that

[4) = lim Vi(2)[0;0) (3.1.2)

where |0;0) is the ground state of zero momentum p# |0;0) = 0. This state operator
correspondence is especially important in conformal field theory of which the world
sheet theory of string theory is an example’. We can see that these local operators
are natural candidates for vertex operators as they generate states from the vacuum,
much like quantum fields do. If we require that they obey certain mathematical
conditions related to the fact that they generate physical and on shell states we can

I Actually it is even an example of a superconformal field theory

85



find their explicit expressions. For the universal (NS-NS) massless spectrum of the
type II string this is given by [57]

V(kHt, e) = gse*“"*@eww“@”eikﬂp , (3.1.3)

where k* is the momentum of the state, e*” is its polarisation and ¢, ¢ are holo-
morphic and antiholomorphic fields belonging to the bosonised representation of the
superghosts. For a graviton we have " = €, ¢, = 0 and k,e"” = 0 while for the
Kalb-Ramond field we have " = —e"* and k,e"” = 0 and finally for the dilaton
we have e® = p* — k*kY — kVE* with k* an arbitrary vector satisfying /5#/5“ =0
and k,k* = 1 so that k,e"” = 0 [54]. Since we are looking at the massless spectrum
we also have k,k* = 0. Vertex operators are the quantum fields associated to the
physical states in the worldsheet theory.

Note that vertex operators always contain a piece exp(ik - z). This is because
when we expand z* into modes this in turn contains a factor exp(ik - xo) which, by
the commutation relations (2.3.22), generates the ground state of momentum k* from
the ground state of zero momentum

|k#;0) = exp(ik - o) |0;0) . (3.1.4)

3.2 String perturbation theory

Until now we have used an operator based formulation of the quantum theory. We
have done that because the canonical quantization scheme was the simplest way to
quantize the free theory and build the space of physical states as well as the spectrum
of the theory. However we have now seen that our theory does in fact contain inter-
actions, string interactions. Let us therefore move on to a path integral formulation
which is better suited to handle interactions.

We start again with the non gauge fixed action (2.3.1). As we have seen, ampli-
tudes in the quantum theory must include a sum over all possible worldsheets in order
to account for string interactions. Furthermore we have seen that the quantum fields

2This is not unique and in general depends on the superghost picture. We have given here the
vertex operator in the canonical (—1, —1) superghost picture where the state operator correspondence
(3.1.2) is most easily checked. For loop calculations the non canonical (0,0) superghost picture may
be more appropriate [57]

V (K", €") = gseu (0" + ik, pPypH) (9" + ikp@plﬁ”)eikﬂmp .
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that carry the boundary data representing the ingoing and outgoing states on the
worldsheet are the vertex operators. They must therefore be inserted in the world-
sheet path integral in order to specify the scattering process. Therefore, schematically,
the string theory path integral will look like

A:Z/DhDXDxDz/JVl...Vne‘S, (3.2.1)
b

where X are all the allowed worldsheets and Vi ...V, are vertex operators. Let us
specify this sum.

We can extend our action by coupling it to background fields fields as was done in
(2.5.2) for the (NS-NS) fields. Let us specifically look at the coupling to the dilaton

1
Sail = E/de\/—hqu. (3.2.2)

Let us suppose that the dilaton is constant, or at least that it has a vacuum expec-
tation value ¢ that can be separated from the rest of ¢. Then the Gauss Bonnet
theorem tells us that

Sait = ¢o X(2) (3.2.3)

where y(X) is the Euler characteristic of the manifold . It is a topological invariant
which is given explicitly for two dimensional surfaces by x(X) = 2 — 2n,, — ny, — ne
with n;, the number of handles, n;, the number of boundaries and n. the number of
cross caps of X. Therefore the path integral will include a factor

e—Sdn — 6—¢0 x(2) gs_X(Z) , (324)

where we have defined the string coupling g, = e?°. Hence the we can classify the
allowed worldsheets Y by their Euler characteristics and we can see that the path
integral (3.2.1) will have the structure of a perturbative series in the string coupling
where worldsheets of lowest Euler characteristic will contribute more.

A:ZgSXZ/DthDwaVl...VneS, (3.2.5)
xX=2 Yy

where Y, are worldsheets of Euler characteristic x.
We saw that the action (2.3.1) has superdiffeomorphism and superWeyl invari-

ance, it is a gauge theory. Therefore the path integral (3.2.5) formally diverges as
we are summing over an uncountable infinity of equivalent configurations. We must
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therefore gauge fix our theory. In the covariant quantization scheme this was done
at the classical level at the cost of introducing constraints and then restricting the
subspace of physical states to the states satisfying these constraints. In the path in-
tegral formulation this is done by introducing Faddeev-Popov ghost fields b, ¢* and
superghost fields 3, and v which take care of the Jacobian factor in the path integral.
For further information one may see [54], we will not develop this further in this thesis.
One may then locally fix the gauge to the superconformal gauge. However for topo-
logically non trivial Riemann surfaces this can only be done locally and not globally.
A given choice of local patches and superdiffeomorphism and superWeyl transforma-
tions which gauge away the zweibein and the Rarita Schwinger field corresponds to
choosing a complex structure on the super-Riemann surface. Therefore superconfor-
mal equivalence classes of super-Riemann surfaces are in one to one correspondence
with complex structures on these super-Riemann surfaces. We call the space of com-
plex structures on a super-Riemann surface its super-moduli space®. Topologically
inequivalent Riemann surfaces are certainly not in the same superconformal class,
therefore this classification can be done at each order in Euler characteristic. This is
very good news because contrary to the set of all super-Riemann surfaces (3, hap, Xa)
the super moduli space of super Riemann surfaces of a given topology is generally a
finite dimensional integral

A=Y S [ de [DoDeDsDy DOV Ve (320)
X:2 EX SM(EX)

where sM(X,) is the super moduli space of the worldsheet X, of Euler characteristic
x and dy is a suitable measure on that space which is discussed in the next section.
S is now the gauge fixed action including the Faddeev-Popov ghosts.

Let us now specify the allowed worldsheets. For closed strings the periodicity
condition implies that the worldsheet is a Riemann surface without boundary, on the
other hand for open strings the endpoints of the string create a boundary therefore
the worldsheet will be a Riemann surfaces with boundaries. Oriented strings create
worldsheets which are oriented Riemann surfaces, this implies that there can be no
cross-caps. On the other hand unoriented strings create worldsheets which are un-
oriented Riemann surfaces. Finally we saw that the in and out states were given by
operator insertions on the worldsheet. Therefore the number of in and out states is

30ne should not confuse the (super-)moduli space of (super-)Riemann surfaces discussed here,
which is supposed to be integrated over in the path integral, with the moduli space parametrised by
axion and dilaton fields in a supersymmetric theory as was presented in chapter 1 and will later be
expanded upon in chapter 4.
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represented by the number of punctures on that Riemann surface. For closed strings
the punctures will be in the interior of the Riemann surface while for open strings
they will be on the boundary. Note that in general the super moduli space will depend
on the punctures.

Since we have spinors on the worldsheet one might think that we can also specify
a spin structure on the worldsheet. This is equivalent to specifying the boundary
conditions of the spinors. We saw that in the open string case, when the worldsheet
was a strip, there were only two options for the spin structure while in the closed string
case, when the worldsheet was a cylinder, there were four. But in the case where the
worldsheet admits more boundaries or more cycles there can be more choices of spin
structures which are always either odd or even. However we are not free to choose a
spin structure for our worldsheet, indeed in the path integral formulation the GSO
projection is implemented by requiring we sum over the different spin structure with
a weighted prefactor. Actually the GSO projection ensures that the integrand is
invariant under so called large diffeomorphisms, i.e. diffeomorphisms which are not
connected to the identity. Indeed large diffeomorphisms do not preserve the spin
structure on the worldsheet, therefore the GSO projection is a summation on the
different spin structures which is invariant under large diffeomorphisms. Hence the
GSO projection is actually necessary for the theory to be invariant under the full
group of diffeomorphisms.

_ - -S

Ai_nv_ZQSXZ/SM(Z(M)d,uZw(V)/'DbDC'DBDWDxDQﬁVl...Vne ,
xX=2 E;n) X v

(3.2.7)

where v are spin structures on the worldsheet chn), w(v) is a weight factor and the
superscript on E&") indicates that the worldsheet has been punctured n times with

n =1+ 14 where ¢ and i’ are the numbers of in and out states respectively.

A nice feature of these amplitudes is that at fixed Euler characteristic, i.e. at each
order in string coupling, the string amplitudes have no UV divergences. It is in this
sense that string theory is a UV finite theory of quantum gravity. This is a key point
which will be further elaborated in sections 3.5.2 and 3.5.3. In particular we will see
an explicit example of how UV divergences cancel each other out in order to give a
finite string amplitude in 8 dimensions.

Let us now specialise to the case of the type II superstring which consists of

closed oriented strings and no open strings. Therefore the allowed worldsheets are
oriented Riemann surfaces without boundaries such as depicted in figure 3.2. Hence
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the Euler characteristic of such surfaces is only determined by the number of handles
X(2) = 2—2ny, this is also called the genus g. This is also good news because it turns
out that topologically inequivalent oriented Riemann surfaces without boundaries
are uniquely determined by their genus. This means that there is only one string
worldsheet per order of string coupling. Hence the type II string amplitude can be
written as

Anggllzzggg—?/ duzw(y)/mi)emmmmpm...Vne—s, (3.2.8)
9=0 sMgn v

where the difference between type ITA and type IIB string amplitudes coming from the
GSO projection is encoded in the different weight factors w(v) for the spin structures.
We can rewrite this more concisely as

APt 2939—2/ > w(v) (V. Vi) (3.2.9)
g:0 SMg,n v
where the angle brackets denote a functional integration over the worldsheet fields.

Therefore we have seen that type II string amplitudes are given by a perturbative
expansion in worldsheet genus. This can be seen in analogy with the perturbative
expansion in loop number of quantum field theory. We will see later in this chapter
that this is more than an analogy and that there is a deep connection between the
genus expansion of string theory and the loop expansion of quantum field theory. For
now let us notice that a profound consequence of the smoothness of string worldsheets
is that the structure of the interactions are completely determined by the free theory.
Indeed the interactions are the result of worldsheet topology rather than worldline
junctions. There are no arbitrary interactions to be chosen.

Finally let us massage a little more the term (Vi ...V},). The integrand V; ...V, e~
of the functional integral will contain a factor

H exp(ik; - x(z;)) exp(—S) = exp <Z iki - x(z;) — S) . (3.2.10)

i=1 =1

Hence the argument of the exponential will contain a term
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1 . —~
5o /d2z (—8x“0xu + 2mia/ Z ki xP6?(z — z,))

=1

1 L
=5 /dzz <x“A:UM + 2mic Z kP 6% (z — zl)> : (3.2.11)

i=1

where we have integrated by parts the first term and introduced the Laplacian A = 90
on the Riemann surface. We can perform the usual trick of completing the square by
performing the change of variable i#(z) = 2#(2) + & 3" | G(z, z;)k! where G(z, 2")
is the Green function for the Riemann surface Laplacian

AG(z,7) = 2r6%*(z — 2') (3.2.12)

(the Laplacian acts on the variable z). It can be seen as the inverse of the Laplacian.
We therefore get

1

2o

U e Ay
/sz (m”Axu t— Zk‘pG(z, 2)kP6? (2 — z)
i=1

2 n
WO; Zk;G(z,zi)@?éQ(z—zj) : (3.2.13)
ij=1
i

Furthermore this does not change the functional integration measure Dx = D2 so we
can come back to usual Polyakov action by a simple relabeling. We can see that the
terms with ¢ = j are pathological, they can be seen as tadpole divergences which can
be disregarded through renormalisation. In the operator formalism one can explain
their disappearance by normal ordering. Note that for massless particles they do not
contribute anyways because k; - k; = 0.

Actually, since the Laplacian annihilates the zero modes xy this makes its inverse,
the Green function, ill defined. But because the Laplacian doesn’t see the zero modes
this can be taken care of by treating the zero modes separately. Indeed from the
expression of the vertex operators and the string action we can see that the only
place the fields z# appear without a derivative is in the factors exp(ik; - ). Therefore
we can perform the integration over the zero modes in the path integral to get

/ Ay [ e = (2m)'05" <Z k) . (3.2.14)
=1 =1
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This is the momentum conservation factor. Throughout this thesis we shall omit
these terms and assume that the momenta are indeed conserved. Hence we have
shown that the amplitude will always contain a term

exp (—%/ Z ki - k; G(zi,zj)> . (3.2.15)

1<i<j<n

This is called a Koba-Nielsen factor [70] and it is part of the universal structure of
string amplitudes. Hence we see that we can decompose

Zw(u) (Vi...V,) = giW,exp (—%/ Z ki - kj G(z;, z])> , (3.2.16)

v 1<i<j<n

where W, ,, contains all the information about the scattering process such as the
particle types and their polarization vectors. We have also explicitly factorized the
factors of g, appearing in the vertex operator (3.1.3). Therefore the final form of the
type II string amplitudes is

i /
Awpell — 2939_2+"/ dp Wy exp (—% Z ki - k; G(zi,zj)> . (3.2.17)
9:0 SMg,n

1<i<j<n

3.3 Moduli space of Riemann surfaces

In order to further specify the path integral (3.2.17) we will have to talk about the
super moduli space of super Riemann surfaces. We have seen that for type II strings
these only depend on the genus and the number of punctures, we will therefore focus
on a type Il genus-g, n-point amplitude

Ay =g /M dp W, exp <—% Z k; - k; Gz, z])> . (3.3.1)

1<j

Let us now specify the super moduli spaces sM, ,.

3.3.1 Genus 0

In analogy with quantum field theory we call the case g = 0 the tree level. It was
shown that at genus 0 there exists a so called global holomorphic section of the su-
per moduli space sMy,,. This allows us to integrate out the fermionic moduli and
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project the super moduli space sM , onto its bosonic base M, ,, the moduli space
of Riemann surfaces. Therefore we can consider that W, , contains the integrated
fermionic moduli and the integral (3.3.1) is performed on M.

The only oriented Riemann surface without boundary of genus 0 is the two sphere
S?. Therefore the moduli space M, is the space of conformal classes of the n-
punctured two sphere. The sphere can be conformally mapped to the complex plane
plus a point at infinity (the so called Riemann sphere). The globally defined confor-
mal isometries of this space are given by the conformal group PSL(2,C) which has
complex dimension 3. These can be used to fix the positions of three of the punctures
while the position of the remaining n — 3 punctures define inequivalent conformal
classes of the n-punctured two sphere. Therefore the moduli space M, ,, is the space
of positions of n — 3 of the punctures, it has complex dimension n — 3. The measure
on that space is

n

dp = HdQ,zl- 8 (2a—25)6% (25— 2%)0% (20 — 22)|(2a—28) (28— 20) (2c — 24)|*, (3.3.2)

i=1

where the last term in a conformally covariant function of weight 2 that ensures that

the measure is invariant under conformal mappings of the points 2%, 2% and 2% for

1 <A, B,C <n. (it can be seen as a mini Faddeev-Popov determinant).
On the Riemann sphere the propagator is given by

G(z,7)=—Inlz = 2|*. (3.3.3)
Therefore the full tree level n-point type II string amplitude is given by

n n
Ao =g 1] / P W [ 1211 = 2% T e — 2™, (3.34)
i=4 V> j=4

4<k<i<n

where for convenience we have fixed 2¥ = 0, 29 = 1 and 2§ = oo and we have also
T . / 2 . .

defined W, ,, = lim,, oo W, |23|* ™3™ where M? is the mass of the state inserted at

z3, one can show that this limit is finite.

As an example we give the tree level type II graviton four point amplitude [28,71],
it was shown that the four-graviton amplitudes in type IIA and type IIB theories are
equal up to genus 2 [72]* therefore we need not distinguish between them

4This is expected not to be true beyond genus 2. For five external gravitons this is not true at
genus 2 and for more external gravitons this is not true at genus 1 or 2 [72].
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ovion _ (27072, (s T (—at/ T (—a'u/4)
A0,4 =1 ol1 R (kZ’E’L)F(].—'—O/S/ZJ:)F(l+(X’t/4)F(1+O/U/4) )

(3.3.5)

where R*(k;, ¢;) is a particular tensorial combination of four powers of the linearized

Riemann tensor R(k;,¢;),, " = —4ki[#kz[oei5]]
ts as R* = tgtgR* where k! and ¢! are the momentum and polarisation of the ith
graviton. The tg contraction tensor is defined by its action on four antisymmetric

tensors F/" as

written in term the contraction tensor

tsF* =AF}' Fy F{ F] +AFY FY F{ F] +AF) Fy F{ F},
+4F{lyFéij2poFZu+4F§VFpr;UFZu+4F2MVF1VpF?fUF40M
- 2(FfVF;#)(F§UFfp) - Q(F;VF;M)(FfJFéfp> - 2(F;VFfu)(F;UFfp) :
(3.3.6)

3.3.2 Genus 1

Again in analogy with quantum field theory we call the case g = 1 the one loop level
(and the genus g case the g-loop level). At genus 1 the super moduli space sM; , is
also holomorphically projected which allows us to integrate out the fermionic moduli
and focus on the moduli space M ,,.

The only oriented Riemann surface without boundary of genus 1 is the two torus
T?. Therefore the moduli space M, is the space of conformal classes of the n-
punctured two torus. Using Weyl transformations and diffeomorphisms connected to
the identity the torus can be conformally mapped to the complex plane identified
up to two periods z ~ 2+ 1 and z ~ z 4+ 7 for 7 in the upper complex half plane
Hy = {r € C| Im7 > 0} which is also called the Poincaré plane. 7 is called
the modulus of the torus. Note that the upper complex half plane is isomorphic to
the symmetric space SO(2)\SL(2,R). However we still have large diffeomorphisms
which are diffeomorphisms modulo diffeomorphisms connected to the identity. This
is a discrete group which acts on 7 by

at +b
T +d’
with a, b, ¢, d € Z such that ad—be = 1. This is the so called modular group PSL(2,7Z)
which is generated by the transformations 7 — 7+ 1 and 7 — —1/7. Therefore we
actually have that 7 € SO(2)\SL(2,R)/PSL(2,Z). One natural parametrisation for
this space is

(3.3.7)
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Fi={reC||Re7|<1/2,Im7T >0, |7|>1}. (3.3.8)

The globally defined conformal isometries of the complex plane identified up to two
periods are the translations C which have complex dimension 1. These can be used
to fix the positions of one of the puncture while the position of the remaining n — 1
punctures define inequivalent conformal classes of the n-punctured two torus. There-
fore the moduli space M, is the space of positions of n — 1 of the punctures times
O(2)\SL(2,R)/PSL(2,Z), it has complex dimension n. The measure on that space

is
R

Im 7)2 pale

m:( - Im7 6% (24 — 29), (3.3.9)

where the denominator in the first term ensures that the measure is invariant under
modular transformations of the representative F; of SO(2)\SL(2,R)/PSL(2,Z) and
the denominator in the second term is just the dimensionless volume of the torus
Im 7 so that the integral is normalised to 1. The measure is also invariant under
translations of 29 for 1 < A < n.

On the torus the propagator is given by

191(7-7 = Z/) 2

Ui(7)

where 1; is the first modular theta series in Jacobi’s notation, i.e. ¥; =¥ [}] with

+TZ;ﬂm@—zw2, (3.3.10)

G(z,2)=—In

9 [(g] (7_’ Z) _ Z 6i7r7'(n+%)2+27ri(n+%)(z+g) ’ (3311)

neL

where a,b € {0,1} and 91(7) = ¥1(7,0). Therefore the full one loop n-point type II
string amplitude is given by

d?z; o
A, = / ImT H/ e Im 7 6%( (21) Wy exp (—EZI@ - kj G(Zi,zj)> ,

i<j
(3.3.12)
where for convenience we have fixed 29 = 0.

As an example we give the one loop type II graviton four point amplitude [73]
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) 271)8 17 4 d2 4 A2z
A%‘fzvlton — —Z( 7T) « gs R4<k’2‘, 61)/ ( T / Zj ImT52(Z1)
Fi by

21 Im )2 4 ImT
i=1

exp (—% S ki Gl zj>) .

i<j
(3.3.13)

3.3.3 Higher genus

For higher genus the super moduli space sM,, is much harder so specify. Indeed it
was shown in [74] that for genus g > 5 the super moduli space is not holomorphi-
cally projected. Therefore in general we cannot integrate out the fermionic moduli.
At genus g and n punctures the super moduli space has complex bosonic dimension
39 — 3 —n and complex fermionic dimension 2g — 2 — n. In the absence of punctures
the super moduli space is holomorphically projected for genus 2 the while for genus
3 and 4 the question remains open. Here we will assume that the super moduli space
is holomorphically projected and focus on the moduli space My,,.

It is also difficult to describe explicitly the moduli space of higher genus Riemann
surfaces. For genus g > 2 there are no globally defined conformal isometries for ori-
ented Riemann surfaces without boundaries. Therefore the position of no puncture
can be fixed and they all define inequivalent conformal classes of the n-punctured
Riemann surface.

The first homology group of a genus g oriented Riemann surface without bound-
aries has 2¢g generators. It is convenient to introduce a canonical basis of g a-cycles
{A;} and g b-cycles {B'} such that A, N A; = BN B/ = ¢ and A, N B/ = §! as
depicted in figure 3.3.

According to de Rham’s theorem the first cohomology group also has 2g gen-
erators. We can use the complex structure of the Riemann surface to divide these

into g holomorphic and ¢ anti-holomorphic one forms. One can choose a basis w’ of
holomorphic one forms such that

7{ w! =67 (3.3.14)
A;

The integral along the b-cycles gives a complex matrix
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Figure 3.3: Canonical homology basis on a genus 1 surface. The a-cycle is depicted
in red while the b-cycle is depicted in blue.

7{ wl =Q" (3.3.15)
Bt

called the period matrix. €2 is symmetric and its imaginary part is positive definite, we
say that 2 is in the Siegel upper half plane H, = {Q2 € Mat(g,C) | 2T = Q, ImQ > 0}.
For the genus 1 case we have w = dz and €2 = 7. Note that the Siegel upper half
plane is isomorphic to the symmetric space U(g)\Sp(2¢g,R). The period matrices are
equivalent up to a transformation of the form

Q— (AQ+ B)(CQ+ D)™, (3.3.16)

with A, B,C, D € Mat(g,Z) such that ABT = BAT, C DT = DCT and ADT—BCT =
I with I the identity matrix. These conditions can be rewritten as

N DED =510 331)

This defines the action of the so called symplectic modular group PSp(2g,7Z). There-
fore we actually have that Q € U(g)\Sp(29,R)/PSp(2g,Z). The space of posi-
tions of the n punctures times U(g)\Sp(2g,R)/PSp(2g,7Z) has complex dimension
% g(g+1)+n whereas the moduli space has complex dimension 3g — 3 4+ n. Therefore
in general there are too many dimensions for this to be the moduli space, it will be
a subspace. Finding this subspace is in general a very difficult problem called the
Riemann-Schottky problem. However we see that for genus 2 and 3 the dimensions
match. Indeed this is the moduli space up to excision of some critical locus. Let us
focus on the genus 2 case. If we parametrise €2 as
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Q= (" ”) : (3.3.18)

v o

with p,v,0 € C then one natural parametrisation for U(2)\Sp(4,R)/PSp(4,7Z) is
given by [75]

Fy={p,v,0 € C| |Rep|,|Rev|,|Rec|<1/2,0 <Imv <Imp <Imo,
|det(CQ + D)|*> 1},

(3.3.19)
for all C, D € Mat(2,Z) such that
D B
( p A) € Sp(4,Z). (3.3.20)

This last condition only needs to be checked for a finite number of matrices C, D.
v = 0 is actually a regular point in U(2)\Sp(4,R)/PSp(4,Z) however it corresponds
to a singular genus two Riemann surface made of two regular genus one surfaces con-
nected by an infinitely thin cylinder, this is called the separating degeneration locus.
Therefore it must be removed from the moduli space, this is why we have not included
it in F5. Note that in the limit v — 0 p and ¢ can be interpreted as the moduli of
each of the tori.

If we also focus on 4 punctures the string amplitude gives a measure on My 4 [76]

dsQ —
dp = 5))3/\3)5’, (3.3.21)

(det Im ©2)

which is invariant under symplectic modular transformations of the representative
Fy of U(2)\Sp(4,R)/PSp(4,Z). Vs is the holomorphic 4-form on four copies of the

Riemann surface defined as

Vs = %((t —u)egen + (s — temey + (u—s)eugin)w' (21)w (22)w* (23)w' (24) - (3.3.22)

On an oriented Riemann surfaces without boundaries the propagator is given by

G(z,7) = —In|E(z, )" + 2r(Im Q) (Im /Z’ wi> (Im /z/ wj) : (3.3.23)
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where FE is the prime form defined by

I, [7
E(z,7) = M ). @) . (3.3.24)
VOI](, 0)wi(2)0;9[v] (€2, 0)wi (=)
where the symplectic modular theta series 9 is defined as
9 [%] (Q, Z) _ Z einij(ni—‘r%)(nj+%)+27ri(ni+%)(Zi+%i) 7 (3325)
nez?
where a,b € (Z/2Z)* and we have defined 8; = 52:. v = [§] parametrises the spin
structures on the worldsheet ¥. We call v = [§] an odd (resp. even) spin structure

if it satisfies a;p° = 1 mod 2 (resp. a;b' = 0 mod 2). The prime form (3.3.24) is
defined for any odd spin structure and one can even show that it is independent of
the particular choice of odd spin structure. It is however multivalued, indeed it is
invariant up to sign when the path of integration is changed by a cycle A; but it
picks up a multiplicative factor when changing the path of integration by a cycle B?.
However this is compensated by the second term in (3.3.23) so that the propagator
is single valued and well defined. Therefore the full one loop 4-point type II string
amplitude is given by

n dGQ et O/
Az = QSH/F (et Tm Q) Jy Vs NYsWnexp (-5 > ki ki Gz, Zj)) .
2

i<j
(3.3.26)
As an example we give the two loop type II graviton four point amplitude [76,77]
8 17 6 6
graviton — _(271-) Qg R4 L e / d°S) A N
Az o (i, €i) 7, (detIm Q)° 24375 Vs

exp (—% Z ki ki Gz, Zj)) :
1<J
(3.3.27)

For more details on the two loop calculation see [76-83].

3.4 Factorisation of maximally supersymmetric am-
plitudes

Notice that the tree level, one loop and two loop four point amplitudes (3.3.5), (3.3.13)
and (3.3.27) are all of the form

99



. 2 7 14 2
agor = i CT IR ) fy (s, tw), (5.4

for some function f,(s,t, u) which is different for each genus but is invariant under
permutation of the Mandelstam variables. This is actually a common feature of any
maximally supersymmetric theory in any dimension. In fact maximal supersymmetry
implies that the four point amplitude for any field ¢ is of the form [84]

AL =12k, &) f(5,,1;0) | (3.4.2)

where t?(k;, ¢;) is a kinematic factor containing the field polarisations which only de-
pends on the field type ¢ and f(s,t, u; ¢) is a function invariant under permutation of
the Mandelstam variables and is a function of the moduli fields ¢ parametrising some
symmetric space but is independent of the field type. For example, if we reabsorb the
relevant constants into f(s, ¢, u; ¢) we have for the graviton ¢80 (L, ¢,) = R*(k;, ¢;)
while for a scalar field t=¥7(k;) = s*. f(s,t,u;p) can then be expanded into a
perturbative series

+oo
f(s,t,u;p) = Z [P (s, ¢, u; @) + non perturbative terms . (3.4.3)

n=0

The fact that the kinematic prefactor t¢ only depends on the field type means that
for any field ¢ the full amplitude is related to the tree amplitude by

Al = ( ft{ > A e (3.4.4)

These factorisation properties of maximally supersymmetric amplitudes can be used
to reduce the unitarity properties of superamplitudes down to the unitarity properties
of the amplitudes of the lowest lying field in the chiral superfield containing the
supermultiplet. The case that we will be interested in is that of dimension 6 where the
spinor helicity formalism is available and the lowest lying field in the chiral superfield
is a scalar field thus considerably simplifying calculations.

3.4.1 DMaximally R-symmetry violating amplitudes

Let us first present the spinor helicity formalism in 6 dimensions. For an extensive
review of the spinor helicity formalism and on shell amplitudes see [85]. For more
details on the spinor helicity formalism in 6 dimensions see [86,87]. For a discussion
of spinor helicity formalism in general even dimensions see [88].
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Spinor helicity variables The Lorentz group in 6 dimensional Minkowski space is
SO(1,5) whose universal covering group is SU*(4) while the massless little group is
SO(4) whose universal covering group is SU(2) x SU(2). The vector representation
V,, of SO(1,5) corresponds to the antisymmetric representation Vi, of SU*(4) and
the invariant scalar product n*” corresponds to the invariant tensor %5“”“1. Therefore
the null vector condition obeyed by the momentum p,, of an on shell massless particle
is written as

1
éaade PavPed = 0. (3.4.5)

This is easily solved by introducing so-called spinor helicity variables A\ and writing

Pab = Eap NS | (3.4.6)

where a,b are SU*(4) spinor indices and «a, f are SU(2) fundamental spinor indices
which can be raised and lowered using the invariant tensor £,5. The SU(2) invariance
of (3.4.6) simply corresponds to the action of the little group which by definition
leaves the momentum invariant. For the momentum p,, to be real the spinor helicity
variables need to be pseudo-majorana. One can also introduce spinor helicity variables
A2 such that

P = %aa“d Pea = NGNS, (3.4.7)
where &, § are SU (2) antifundamental spinor indices which can be raised and lowered
using the invariant tensor %3 The null vector condition then imposes that )\2‘5\% =0.
We can see that we have another SU(2) group that leaves the momentum invariant,
this indeed corresponds to the 6 dimensional massless little group. We can convince
ourselves that the bispinor form of the momentum solves the on-shell constraint by
counting the degrees of freedom: a null vector in 6 dimensions has 5 independent
components while A has 4 x 2 = 8 components and the SU(2) invariance removes 3
of them. This matching between massless degrees of freedom and the spinor helicity
components moded by the little group only exists in 3,4 and 6 dimensions.

6 dimensions N = (2,2) superspace According to table 2.4 the maximal amount
of supersymmetry in 6 dimensions containing a graviton multiplet is N' = (2,2).
The R-symmetry group in this case is Sp(2) x Sp(2)° which each carry an invariant
symplectic form Q7 and QY where I, J, I, J are Sp(2) indices. The supercharges Q!
Q“f are symplectic Majorana SU*(4) spinors

SHere Sp(2) is the compact symplectic group, sometimes written as USp(4), which is not to be
confused with the symplectic group Sp(4, R) introduced earlier
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{Q{u@i} — QIJPab; {Qaf’ij} — ijpab‘ (348)
The graviton multiplet can be found by starting with the lowest lying field in the
multiplet and successively applying the supercharges Q! and Q% as follows

H(ab)
SN
X1k ab]
7N / \
Priil d) ; (3.4.9)
N / N
XaJ KL /)[ab

\/

ab)K

where ¢ represents scalar fields, y* represents spinor fields, H(.) represents the self
dual field strengths of two forms, H(@® represents the anti self dual field strengths
of two forms, F,’ represents the field strengths of one forms, Py TEPrEsents the

field strength of a gravitino and C’(aé)c 9) represent the Weyl tensor which is the field

strength of the graviton. All pairs of Sp(2) indices I.J and IJ represent antisymmet-
ric symplectic traceless indices. The usual superspace construction would then imply
introducing Grassmann variables 6!, 6 and fitting the whole multiplet into a su-
perfield. However the spinor helicity variables permit the construction of an on shell
superspace by writing the fields of the multiplet in terms of spinor helicity variables
and some polarization constants

C de) _ /\0&)\5}\0 )\d h (59) 7

(ab) b7 T (ap)
ab a af
p[ ]cJ = AZ)\Q/\Z w[ ']va

(3.4.10)
Xasici, = Na Oasicis
¢1J,f<i = ¢IJ,KL :
The on shell superspace is then constructed by introducing Grassmann variables 77,

‘iA and fitting the polarisation constants h( ﬂvé w[a wgs oo Oagicis @y nto a
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superfield. Due to the self-CPT conjugate nature of the physical spectrum one can
contain the full multiplet using either chiral or anti-chiral superspace, i.e. only half
of the full superspace is required to contain all physical degrees of freedom.

In order to split the on shell superspace we break each of the R-symmetry group
into U(1) x SU(2) ~ U(2) C Sp(2). Therefore the Sp(2) indices I, I break into i,
4+ where &, & refers to the U(1) chirality and i, 7 are SU(2) indices. Hence the on
shell superspace coordinates n%, 7% split into nt?, n®, =%, 7% Antisymmetric
symplectic traceless indices I.J and I.J break into (£+,4j) and (£4,7)) where pairs
of SU(2) indices ij and 2j are symmetric. Therefore polarisation constants of the

fields of the graviton multiplet split into

Giaais Piizi, Gijirs Pxxigy Pyiis ariit

o)
ea:l:i,ija cee h(aﬁ(;y ) . (3411)

We can now use the U(1) factors in the R-symmetry group to split the on shell
superspace into chiral and antichiral parts. We choose the chiral part of the superspace
to be the subspace generated only by the 7", n‘i% coordinates which corresponds to
the positive U(1) chiralities. In 4 dimensions this splitting is done similarly except
that the U(1) used is that of the little group instead of the R-symmetry group. We
can therefore fit the polarisation constants inside a chiral superfield

i ate ati ati i 36
Wi aa 8 0% =6, 10+ 1 005+ 0Tl k8
e nio_ (3.4.12)

Therefore we can see that the lowest lying field in the chiral superfield is indeed the
scalar. In 4 dimensions this would have been the graviton. The supercharges I QY
also split into QF!, Q**" whereas the susy algebra relation (3.4.8) splits into

{QILQy =8P, {QI"Q7"} =0, {Q,".Q;"} =0,
QU Q7 =P, {Q™, Q"™ =0, {Q",Q"}=0. (3413

Therefore the on shell superspace representation of our supercharges is given by

, . , 0
Q:l:Agn$z7 Q;l:Ag a
a77-5—1‘
S s ox, O
Qa-i-z — )\gna-‘rz’ Qa—z — /\g an —. (3414)
G+t

103



N point superamplitudes In the case we want to write scattering superampli-
tudes for N incoming and outgoing particles we have N momenta py[q; and therefore

we have IV spinor helicity variables A% )\Z 5 The on shell superspace is also the carte-

na?
sian product of all the on shell superspaces for each particle, hence we have N copies
of the superspace coordinates 7", nﬁ“ Therefore the positive chirality supercharges
are given by

:chi - )\ganna ) QZ+€ = Zang+l_ (3415)
Translation and susy invariance imply conservation of the total momentum Ziv 1 Prab

and of the total supercharge ZN

n=1 * and Zn S Q%+, the conservation of the neg-

ative chirality supercharges Zn 1 Qna, Zn L Q%" is redundant. Therefore superam-
plitudes will always contain factors ¢° (anl pn> and §16 (anl QF > As always

we do not write the momentum conservation factors. In superspace the supercharge
conservation factors are written as

N 2 4 2 4

(3] T (30w | I () - ot
n=1 i=1a=1 \n=1 i=1b=1 \n=1

One can show that all amplitudes involving the scattering of N > 4 graviton multi-

plets with N — 2 scalars of polarisation ¢, ;7 and 2 scalars of polarisation ¢__ - -

(all the particles are counted as incoming) are contained in a superamplitude of the
form [87]

5 (Y0 Q1)

AMRV _
16(pNabp%)_1 )4

N>4 —

A%24(¢++,$J}N72a ¢,,7;;2) , (3.4.17)

where Aﬁb 4 is the regular N point amplitude for the scalar field. Note that this con-
tains the amplitudes for the whole graviton multiplet. Indeed if this amplitudeA is ex-
panded in superspace coordinates then the term proportional to Hn Lot +Z-n:{;7]n3 i
will be the graviton amplitude.

In 4 dimensions the amplitude appearing on the right hand side of (3.4.17) would
have been the graviton because it is the lowest lying field in the chiral superfield.
We can see that this is the equivalent of the maximally helicity violating (MHV)
amplitudes in 4 dimensions but since here the role of the helicity is played by the
U(1) factors in the R-symmetry group we call these maximally R-symmetry violating
amplitudes (MRV). For N = 4 all on shell amplitudes are MRV amplitudes, therefore
the four point superamplitude
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0" (s Q)
16(]?Nabp%l1)4
contains all four point amplitudes for fields of the graviton multiplet.

Ay = AS (3.4.18)

3.4.2 Sewing relations and unitarity

Let us now show that the positivity bounds on the superamplitude (3.4.18) reduce to
positivity bounds on the regular four point scalar amplitude which is much simpler.
Let us write the optical theorem (1.3.11) for the four point superamplitude

2Im A2_>2/ > /d5k1//d5k2// /d8771//d8772// A;/_>2//A2_>2//, (3.4.19)

where ki, kov are the momenta associated to the two outgoing particles in the am-
phtudes on the right hand side of the equation (denoted by 2”) while 7}, 77?,,H and
772,,a, n‘;f’ are the superspace coordinates associated to these particles. The d®n;»d®nyn
integrals are required to sum over all intermediate particle states in the graviton mul-
tiplet. We also define s = — (k1 + k2)? = — (kv + ko )* = —(k1v + kov)?. Using (3.4.18)
and (3.4.2) (along with the fact that t¢ = s%) we get

516 (Q++Q2 +Q +Q2/)21mf(1 2 1/ 2)
(516 ’ -
> /d5k1//d5k‘2/, /d8n1//d8n2// ( F+ Q + Ql + QQ )A2,_>2,,

st

(O + Q7 + @ +Q3)

s4

AS
(3.4.20)

where the different indices n, n’ and n” are to indicate the different incoming and
outgoing particles. We can then use (3.4.4) to make the tree level amplitudes appear

5 (QF +QF +Qf +Qf) 2Im f(1,2,1,2)
5 f*(]-/,Ql, 1//,21/)f(172, 1/1,21/)
> /d /{Jlud k?zu ( *tree(]_/ 2/ 1 2//)ftree(172 17 2//)
616 ( Q Ql” + Q;”) *¢tree 516 (Q+ + QZ + Ql” + Q;ﬂ)

A ! 11
S 2/ —2 84

f*(llu 2/7 ]-”7 2//)f(17 27 ]-”7 2//) 8 8 xtree tree
kl”d k2” ( *tree(l/ I 2//)ftree(1 2. 1/ 2//) d 7]1//d Ur A2’a2”A2a2”'
(3.4.21)

X

I
\\

dSTIlu d Nor Agge;/
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Sewing relations The point of making the tree level amplitudes appear is that
we can use so called sewing relations which allow us to glue two tree amplitudes
by summing over intermediate states of the graviton multiplet to get another tree
amplitude. Indeed using (3.4.2) and (3.4.3) we have

8 8 tree tree
/d M d Nz Ay o0 Ay Son

516 ( ii_’ + Q;’ + Qii_” + Q;”) *ptree 516 (QT + Q; + QT” + Q;”) tree
= /dsnlnds’)’]z// o AQ?_>2// <4 Ag_>2//
— ftree(1/7 2/7 1//7 2,/>ftree(1, 2’ 1117 2//)

/ o d 6% (QF + Qb + Qh + Q3) 8 (QF + QF +Qh + Q) .
(3.4.22)

If we notice that

/dsm,,dBUQ,, S(QT +QF +Qf +0Q3,) 6" (QF + Q3 +QF, + Q3)
= ' (QF +QF +QF + Q) (3.4.23)

then we get the following sewing relation

— S4ftree(1/, 2/7 1//’ 2//)ftree(1’ 2’ 1//’ 2//)516 (Qil— + Q;- + Qii-, + Q;—/)
ftree(1/7 2/, 1//’ 2//)ftree(1’ 2’ 1//7 2//) .
- A ree/ . 3424
( ftree(L 2’ 1/’ 2/) 2—2 ( )

As is evident from the derivation this relation can be generalised to any loop order.
This was originally proven in all dimensions using the double copy relation between
Yang-Mills amplitudes and gravity amplitudes via the KLT relations [89-91]. A su-
perspace derivation for type IIB supergravity can be found in the appendix A of [88].

Using the fact that tree level amplitudes are real we can insert this into (3.4.21)
to get

S (QT +QF +Qf +Q5) 2Im f(1,2,1,2)

> 6" (Qf + Q5 + Q7 +QF) /d5k1~d5k2u st(1,2/,17,2") £(1,2,17,2") . (3.4.25)
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If we divide by the delta functions and multiply by s* on both sides we get

21m Ag_>2/ > /d5k1//d5k2” A;?AQNAS—)Q” 3 (3426)

which is the optical theorem for the scalar field. Notice that now we only sum over
intermediate scalar states instead of all particle of the multiplet. This not trivial
because in a supersymmetric theory all field of the supermultiplet can appear as
intermediate states. What this shows is that their contributions cancel out so that
one can look at the theory containing only the scalar part of the multiplet.

3.5 Low energy limits and tropical amplitudes

This section closely follows section 2 of [92]. Let us now generalise the results of
section 3.3 to lower dimensions by compactifying type II superstring theory on a
d-dimensional torus 7. The spacetime metric is given by

ds? = Nuvdatdz” + Grydxtdz? | (3.5.1)

where the indices I.J indicate compactified dimensions and G, is the metric on T
When we also include a background field for the Kalb-Ramond form on the torus the
relevant part of the Euclidean action will decompose as

1 - 1
S + Scomp :—/d22 aﬂ?#ax“ + 27‘(‘

2ma’ o
+ other terms. (3.5.2)

/sz (ijﬁxléxj - iijﬁxléxJ)

Where the non compact string coordinates still obey the closed string boundary con-
dition a# (7,0 + m) = 2#(7,0) but the compact string coordinates can now obey
generalised versions of this boundary condition 2/ (7,0 + 7) = 2!(7, o) + 27ln’. The
fact that 2! is now a multivalued function represents the fact that strings can now
wrap around the compact dimensions (which we assume to be of radius l;), there-
fore we call n! € Z a winding number. This can be generalised to other cycles of
the worldsheet. If we assume the a-cycles to be the space-like cycles then in form
notation we get

% da' = 2rln! (3.5.3)
A;

where d = dz 0 + dz 0 is the exterior derivative on the worldsheet. In fact this can
also be extended to timelike cycles which we assume to be the b-cycles
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j{ dz' = 2rl;m" (3.5.4)
Bi

where this time the m! € Z are interpreted as quantized internal momenta, or Kaluza-
Klein modes.®. If we now rewrite the compactified part of the action in form notation

1

Seomp = m/z (GU da! A xdx” — iBy dz! A dx‘]) + other terms, (3.5.5)

we can decompose the one forms dz! on the basis of holomorphic forms w® defined
in section 3.3.3 and use Riemann’s bilinear relations to see that the expression above
becomes

Secomp = 7G;(Im Q)l_Jl (m” + szné) (m‘]j + len{) — 2miBrym''n! + other terms,

(3.5.6)
where 2 is the period matrix defined in (3.3.15). At every order in genus, one must
sum over all the possible topological sectors of the worldsheet in the path integral.
Therefore we must sum over all the possible winding and Kaluza-Klein modes. If we

write ¢! = (m!,n!)T € Z* we can define

Hold', ¢’ = Im Q) [m! + (ReQ)n',m” 4+ (ReQ)n’] + (Im Q)[n’,n'],  (3.5.7)

where we have taken the convention M|x,y] = z7 My for M a symmetric matrix.
This is the standard bilinear form on Z?7 induced by elements in U(g)\Sp(2g,R). In
matrix notation we have

((ImQ)~t 0 I Re(
Ho = < o mal)le Tl (3.5.8)
where we take the convention M[x] = M|z, z] = 2T Mx for M a symmetric matrix.
Let us also define

(¢, ¢y =m!-n —m’-n', (3.5.9)

where we have taken the convention z -y = zTy. This is the standard Sp(2g,Z)
invariant scalar product on Z2?? in a Darboux basis. Then the path integral will
include a sum

6Since we are in euclidean space there are no spacelike and timelike cycles on the worldsheet.
Nevertheless this gives us a physical interpretation for the modes n! and m?’.
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(detG)% Z e_WGIJHQ[qlaqj]+i7TBIJ<q17qJ>7 (3.5.10)
quZQg

9
2

where at every order in genus we also divide and multiply by (det G)z. We can use

the Poisson resumation formula

Z e~ ™M Matel — (det M)z Z e~ mMlpl+2mipe (3.5.11)

qeZ™ pEL™

to put this in a more familiar form

(det G)% § e*ﬂ'G[‘] ((Im Q)Z_]l (m“Jr(Re Q)ani) (mJjJr(Re Q)jlni])Jr(Im Q)ijn{nj)JerB”m“n;]
mlinfez

— (det Im Q)% Z G*W(Imﬂ)ij (G”(mIiJrBIan()(mJj+BJL7L]L)+G1Jnfn3~])+27ri(ReQ)ijm“-n; .

m”,nfGZ
(3.5.12)
If we write ¢; = (m;,n;)T € Z% we can define
HG,B[qia Qj] = G_l[mi + B?’LZ‘, mj + BTL]] + G[TLZ, nj] . (3513)

This is the standard bilinear form on Z%? induced by elements in (O(d) xO(d))\O(d, d, R).

In matrix notation we have

Hgp = (Gol g) {é ﬂ : (3.5.14)

Let us also define

(¢i qj) = mi - nj +my - n;. (3.5.15)

This is the standard O(d, d,Z) invariant scalar product on Z%? in a null basis. Then
the path integral will include the sum

F%’) (Q) = (det Im Q)% Z e~ Q)Y He plgi,q;]+im(Re Q) (q:,q5) 7 (3.5.16)

d,d
qi€Z%4

where I, = 74 stands for the even self-dual lattice of split signature. This is
called the Narain partition function or the Siegel theta series. Note that while the
form (3.5.10) had manifest symplectic modular invariance under Sp(2g,Z) this form
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has manifest O(d, d,Z) invariance. In particular this proves that this function has
both. Whereas the first form was found directly from the action and can therefore be
thought of as a Lagrangian partition function the second form (3.5.16) can be thought
of as its Hamiltonian counterpart. Indeed the Poisson resummation is equivalent to
a Legendre transform of the exponent. The O(d,d,Z) symmetry corresponds to the
invariance under exchanges and shifts of the winding and Kaluza-Klein modes, it is
the generalisation of T duality for toroidal compactifications.

Since the torus 7% has no curvature the compactification only modifies the 0 modes
of the worldsheet fields by changing their boundary conditions. Therefore the rest of
the path integral goes pretty much unchanged.

Toroidal compactification also preserves maximal supersymmetry which allows us
to keep the nice factorisation properties we have discussed in the previous section.
Indeed if we write V; = (27l,)?V/det G the volume of T¢ we have that the type II
superstring graviton four point amplitude in D = 10 — d dimensions is of the form

om) a2
Asmng —i—( 2>11V Is R ki, ;) Smng(s,t,u; ©), (3.5.17)
where f3"™8(s,t,u; ) is a function dependent on the dimension which is invariant

under permutation of the Mandelstam variables and is a function of the moduli fields ¢
parametrising some symmetric space.” If we define the D dimensional string coupling
constant as g% = g2/v/det G then we get

2 7— d 1854 2 .
Asns __(27) IRk, ) F5(5, 1,3 0). (3.5.18)

911
E“ing(s, t,u; @) can then be expanded into a perturbative series

strmg(S t u,go _ a/3zg strmg 8 t,u; S0) +0 (6_%> , (3519)

where we have used the fact that we have divided by (detG)% at every order in
genus to replace gs by gp in our expansion. Our aim will be to look at the low
energy limit of such amplitudes to see the corrections type II string theory entails to
gravity in the field theory limit. To this end we will compare the low energy limit
to type II supergravity which means the Kaluza-Klein reduction of type ITA or type
IIB supergravity on a torus. Both theories have the same four point amplitudes up
to two loops in 10 dimensions and lead to the same theory in lower dimensions hence

"Note that we have put the back the constants as in (3.4.1) instead of absorbing them in f such
as in the previous section.

110



we will not distinguish between them. The gravitational sector of this theory is given
by the following action in string frame

1

gsuera W/de —gefQQsR, (3.5.20)
D

where we have assumed the we have absorbed the vacuum expectation value ¢q of the
dilaton into the coupling constant xp. One can show that the type Il supergravity
graviton four point amplitude in D dimensions is of the form

ALp = 210724(16“ &) fp (s, t,u; ), (3.5.21)

where f5®%(s,t,u; ) is a function dependent on the dimension which is invariant
under permutation of the Mandelstam variables and is a function of the moduli fields
¢ parametrising some symmetric space. fp*%(s,t,u; @) can then be expanded into a
perturbative series

DEA (s, t,u;y @) = 64 Z KD [ s,t,u; p) + non perturbative terms. (3.5.22)

Dn— loops

3.5.1 Genus zero amplitude low energy limit

Let us first look at the tree level where on the supergravity side we have

sugra 1
D,%ree(sﬁ t7 U) = E . (3523)

Whereas at genus 0 on the string side we have [28,71]

sy 1y D' ATt/ T (o)
Do A% D1+ o's/HT(1 + o/t/HT(1 + o'u/4)

64 = 20@2n+1) [\, . .
=5 eXP(Z Q(n—i— : ) <Z) (s2mHL g g2t g g 2n)
n=1

64 o\
=——+ ) <Z) Clog (87 + 12+ u2)P (s + 1% + )7

13
o'’ stu a0

(3.5.24)

where ¢, ) are constants that are polynomials in the odd zeta values ((2n +1). The
first ones are given by
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2¢(3)*
5

At the genus 0 order the low energy limit is simply obtained by taking o's, o't, o/'u —
0. Therefore we can see from (3.5.23) and (3.5.24) that the low energy limit of the
genus 0 string amplitude and the tree level supergravity amplitude coincide if we

c00) =2C(3), cao=¢>5), con= (3.5.25)

—d
make the identification 2x% = (2m)" 4/ ER g%. This means that the D dimensional
2

Planck length and string length are related by Ip = g5, “l,. As we have seen we can

decompose the amplitude into analytic and non analytic parts where the non analytic
part is associated with the propagation of the massless graviton while the analytic
parts are to be interpreted as coming from the propagation of the massive string states.

This result justifies the claim we have made in chapter 2 that string theory re-
produces gravity at low energy and it also justifies the claim we have made earlier in
chapter 3 that the genus expansion of string theory corresponds to the loop expansion
of supergravity in the quantum field theory limit. However we can see that string
amplitudes add corrections to the supergravity amplitudes. These corrections can be
seen directly from the effective field theory point of view as higher order corrections
to the supergravity Lagrangian. In fact, this is the usual method used to find the
Wilsonian effective action of string theory [93-95]. Schematically the gravitational
sector of the effective action giving rise to such corrections has the form in string
frame

. 1 N
Sstrmg _ 2/{/2D /de —g e—2¢ (R + ﬁ (Z l§p+6qc(p’q)v4p+GQR4> + .. ) ,

p,q=0

(3.5.26)
where again we have assumed the we have absorbed the vacuum expectation value
¢o of the dilaton into the coupling constant. These corrections can be thought of
as arising from integrating out the massive string states in the effective path inte-
gral. Of course this action is not supersymmetric, in principle one must add similar
corrections for other fields of the multiplet (which can be found by expanding the
corresponding string tree amplitudes for these fields) as well as higher order terms in
the Riemann tensor (which can be found by expanding higher point graviton string
amplitudes). The Wilson couplings also receive further contributions from the genus
1 and 2 amplitudes. In addition we will see in the next chapter that supersymmetry
and U-duality requires one to add terms to the Wilson couplings which are seen as
non perturbative contributions coming from instanton corrections.
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3.5.2 Genus one amplitude low energy limit

At the one loop level on the supergravity side the only contributing diagram is given
by figure 3.4 [72,84]°.

Figure 3.4: Four graviton one loop diagram in maximal supergravity. Gravitons are
represented by straight lines.

This gives the integral

oo (s ) = 10 (s,8) + IV (8 u) + 10w, 5), (3.5.27)
with
dPp 1
I (st :/ : 3.5.28
A NG Ly Ty Ty gy sy T ey (3.5.28)

where by convention the loop momenta are assumed to be euclidean. In D < 4
this suffers from IR divergences while in D > 8 it suffers from UV divergences.
Therefore the integral must be dimensionally regularised, i.e. we perform an analytic
continuation in D such that D is replaced by D — 2¢ and the function is analytically
continued around € = 0. However D = 4 and D = 8 are the critical dimensions where
the IR and UV divergences respectively are logarithmic, hence one must define a
prescription to remove the pole in € = 0. Also note that in any dimension the integral
only converges on the so called domain of convergence where s,t,u > 0, therefore the
integral is actually defined by analytic continuation of the Mandelstam variable to
the upper complex half plane containing the physical domain where s +¢ + u = 0.
This amplitude can be put into Schwinger parameter space

8Tn particular there are no diagrams with vertices corresponding to gravitational contact inter-
actions. The fact that the only contributing diagram corresponds to the box diagram of ¢3 scalar
field theory is a very special feature of the maximally supersymmetric four-graviton amplitude [84].
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1 o) D 1 T3 X2
I(l) 1) = / dLLS—/ d / d / d WL[($2—CE1)(1—$3)S+Z‘1(Z‘g—xz)t}‘
4 (s:1) T6(2m)P1 J, s, drs | de | dme
(3.5.29)

At genus 1 on the string side we have

strin d’zl
Dt,l g(s,t,u;gp) :27T/ ImT 2 HddH/ImT Im7—62 Zl)

X exXp <_% Z kz . k] G(ZZ7 Z])) )

1<j

(3.5.30)

where

Ty (1) =(Im7): Y e mimrfesltinker@a) (3.5.31)

q€llyq

with the convention that F(g) = 1. The moduli fields ¢ in (3.5.30) are the torus
metric G; and Kalb- Ramond two form on the torus B;j; parametrising the Narain
partition function. Following [96] it is convenient to introduce a cutoff parameter
A > 1 to split the moduli space into two pieces

Fi=FiaU{|Re7|<1/2, Im7T > A}, (3.5.32)

where we have defined the truncated fundamental domain

Fia={|Re7|<1/2,0 <Im7 <A, |7|>1}. (3.5.33)

This also splits the moduli space integral in (3.5.30) into f37"%, and fp7"%,. Let us
first focus on the first part

strin d*r 1 d Zi
Dt,1,<gA(57t7u; 90) = 27/}_ ImT 2 gzd)dH/ImT ImT(; )
1,A

Zn' <——Zk -k G(zl,zj)> :

1<)
(3.5.34)

We can expand the Koba—Nielsen factor to get
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. I\ 2p+3q
DA (s i) = Y (“) ELLASE + 2+ u?) (s + 1 + ), (3.5.35)

4
p,q>0

with

2
m T ) )
g(p,q)A - 27T/]: (Im T)QFHdAB(p’q) ’ (3536)
1,A

where B(;)q are so called graph functions introduced in [97]. It was shown in [96] that
the first graph functions are Eisenstein series

2 273
By =1, By = TELP0), B = o st + 42 (g5
where A refers to the fundamental weight of SL(2,R). The notations and precise
normalisations for Eisenstein series are defined in chapter 4. For now just notice that
they are well defined functions on SO(2)\SL(2,R)/PSL(2,Z), the moduli space of
the torus. These graph functions are studied further in [98-103]. It was shown in [97]
that for Im 7 > 1 they behave as

2p+3q—1
BT = D bpga(nlmr)ZHn 4 O (e72rinT) (3.5.38)
n=0

for constants by, q), which are linear combinations over Q of single-valued multi-zeta
values of weight n. Therefore if we choose A > 1 we have that

) (1) it A2 +2p+3¢—n
— 2p+3q—n _A
Epn = Epmye + 27 HZ:O 723 b(p,q)yn% S p—— O(e™), (3.5.39)

where to avoid having to replace the power of A by a In A whenever d%Q—l-Zp—l—Sq—n =0
(which happens for d = 2 and p = ¢ = 0 and for d = 0 for p,q > 1) we assume that
the second term is defined by analytic continuation in d such that d is replaced by
d + 2¢ and the function is analytically continued around € = 0. We have also defined

d2
— o / (—T(ImT)EFEIl) BY (3.5.40)
Fi1

Im 7')2 dd(pq)

115



which converges for d + 2¢ < 2 — 4p — 6¢ and is also defined by analytic continuation
in € near ¢ = 0. Note that the invariance of Bg;?q) under PSL(2,7) ensures that the
amplitude does not depend on the representative F; of SO(2)\SL(2,R)/PSL(2,Z).
In the limit ¢ — 0 we have that the first couplings are given by [51,104]

Ebtye = 4nE(d =B . (d#2)
4
€. = iﬁ (d + Q)Eﬁ(i’d) L (d#4) (3.5.41)
o _¢ (3> M S0(da)
Eone = 75 €00+ ﬁé’ (d+HEusy”,  (d#06)

where we have used (4.1.60). It is understood that if the limit is regular, as is
the case above, € is taken to be 0. We have also defined the Riemann xi function
(s) = m2T (£) ((s), also called the completed Riemann function. Again Eisenstein
series are defined later in chapter 4 but for now one can notice that they are invariant
under O(d, d, Z), which reflects the invariance under T-duality of the amplitude. For
d = 0 the Eisenstein series are not defined but we can see that 5(0 0)e = =2mp(Fr) = 2

where p(F;) = % is the volume of the fundamental domain F;. Furthermore, in the

limit € — 0, one can show that 5(1 0 = 0 and el = 2’(52 ¢(3) because the regularised

L(2)

(0,1)e —
integral of the Eisenstein series £, on the fundamental domain F; vanishes for all
s. We have written on the right of (3.5.41) the dimension where the limit ¢ — 0 di-

verges, for 5(% )0)6 at d = 2 this is simply due to the logarithmic divergence in (3.5.39).

We will show at the end of the section how to regularise this and calculate 5(% )0)6.

We can see from (3.5.35) that fStrlmf A is analytic in the Mandelstam variables,
therefore it is associated with the propagation of massive string states.

Let us now turn on the second part of the amplitude

strin, d Zi
Dt,1,>gA(8;t7U§80) :27r/ImT2A ( By HddH/ImT Im7’5 (z1)

|ReT|<3
O/
xexp| =& g ki - k; Gz, 25) | -

i<j
(3.5.42)

9By abuse of notation we keep the same notation for two different types of regularisations. It is
nevertheless understood that 5((;)(1) A and 5((;)(1)6 are not equal for A = e.
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Since we have A > 1 then this part of the moduli space integral is restricted to the
tori with large dimensionless volume Im7 > 1. The natural setting for studying
such worldsheets is that of tropical geometry and tropical limits. The tropical limit
is a singular limit which takes algebraic varieties to piecewise linear objects. Thus
one can understand intuitively how it can take string worldsheets to Feynman dia-
grams eventually with some lower genus string worldsheet insertions, see figure 3.5. A
comprehensive review of the tropical limit of string amplitudes can be found in [105].

Figure 3.5: Tropical limit of a genus 1 surface where the degenerate surface looks like
a one loop supergravity Feynman diagram.

If we define z; = x; + 7y; for x;,y; € R then the tropical limit of the propagator
in the Koba-Nielsen factor is given by [106]

/ - / / 2
G(Z, Z/) =97 ImT(—ly _ y/|+(y . y/)2) —Inl1 = e—27r1m7—|y—y |[+27mi(z—x'+ReT(y—y )))
+ O (e | (3.5.43)

for |y — y/|< 1/2. Since we have A > 1 then the terms in O (e7™™7) can be
neglected. We can also focus on a generic point in moduli space where all worldsheet
punctures are far from each other and the distances |y; — y;| are far from 0, we call
the moduli space integral over such points f;tfj?§> A~ In this case the logarithmic term

can also be neglected. Finally from (3.5.31) we can see that for Im7 > 1 we have
ngd(T) ~ (Im )% therefore one gets
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st =2 [

\Re7\<1

d*r
A {fm ImT H/ d? v 0(y1)
X exp (—O/TIHITZ]{:Z- - k; (—|yi — y;|+(yi — yj)2)>

i<j

:471-0/22d/ dLL / dl’g/ dl’g/ dLUl 7rL[ zo—x1)(l—z3)s+xz1 (z3—xz2)t]

+€7rL[ zo—x1)(1—2x3)t+xz1 (r3—z2)u] +e mL{(x2—z1)(1—2x3)s+x1(z3— :pg)u])

(3.5.44)

where we have decomposed the integral over y,, y3 and y4 into three integrals with
orderings 0 <4 <y <ys <1, 0<ys <yo<ys<land 0 <y3 <y, <y <1and
performed the respective change of variables

Yo =1 — a3, ys =1—1a9, ys=1—1m1;
Y2 =1 — 19, yz=1—1m, ys = 1 —a3;
Y2 = T3, Yz = T1, Yy = T2, (3.5.45)

so as to end up with a unique integral with ordering 0 < z; < x5 < 23 < 1. We
have also performed the change of variable Im7 = L/o/. Notice that (3.5.44) is ba-
sically the supergravity integral in Schwinger parameter space with a UV cutoff o/A,
therefore this integral is well defined for all space-time dimensions where there are
no IR divergences, which means for D > 5 which corresponds to d < 5. For D =4
corresponding to d = 6 one must introduce some IR regularisation which we will not
do here.

Since in the low energy limit we have o/s,a/t,o’u — 0 then we can also choose
A< 1/a's,1/a't,1/,a'u in which case one can show that

dra 7 / dL L%~ / das / day / diy erHrme) (st el

=32(2m)" %0/ 7 1) (s, )

Z (4m)™+ (0 + 1)1 AZ—1+n /1d (1= 2)2)"™" — (e)™”
— X
(2n + 3)! 5 —1+n ( !
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where again to avoid having to replace the power of A by a In A whenever g— 1+n =20
(which happen for d = 0 and d = 2) we assume that the second term is defined by
analytic continuation in d such that d is replaced by d 4 2¢ and the function is
analytically continued around € = 0. We have also defined

1) dl(]fdp 1
10 = | Gyt ek R TR (3.5.47)

which is also defined by analytic continuation in € near ¢ = 0. The A dependent terms
can be expanded as

d
frimne (st u) =32(2m) 42 (I (s, 0) + 10 (8, 0) + 1 (u, 5))

e AT 23 2, 42 2P (3 | 43 3¢
— b ——— (") (s +u)?,
;0< ) (P.a)Og— 2+2p+3q( )’(

(3.5.48)

where the b, 4o are also linear combinations over Q of single-valued multi-zeta values.

Other contributions to fStrlmf A come from points in moduli space where two or
more punctures are close to each other. Therefore there are four more contributions
corresponding to integrals over points in moduli space where one, two, three or four
distances |y; — y;| are close to 0. We will not calculate them here but when all of
these are included it turns out that all A dependent terms cancel each other out
between fStrlmf , and fStrlmf A- This was checked explicitly up to (p,q) = (2,0) in [92]
using [107]. Therefore we can forget about the cutoff parameter A and the complete

integral can be written for D > 5 as the limit € — 0

S0 (6 1w ) =32(2m) 4 7 (1 (s,1) + 10 (¢, w) + 10 (u, 5))
2p+3q
+ Z < ) 8((;)(1)6(52 + 1% +u?)P(s® + t* + )7 + other terms,
p,q>0

(3.5.49)

where the limit is well defined for each term individually for all dimensions except
d = 2 corresponding to spacetime dimensions D = 8 (for d = 0 each integral [ 4,16)
is not well defined individually but the sum over permutations of the Mandelstam
variables is, so that the D = 10 supergravity dimensionally regularised amplitude is
well defined on its own). This result also holds in D = 4 provided one introduces an
IR regulator.
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We can see from (3.5.27) and (3.5.49) that, again, the low energy limit of the
genus 1 string amplitude reproduces the dimensionally regularised one loop super-
gravity amplitude if we make the identification 2x% = (2m)" %o/ = g%. Intuitively
this corresponds to the tropical limit of the string worldsheet that looks like a one
loop Feynman diagram as depicted in figure 3.5. The other terms coming from the
contributions to f;ti“;g A With coincident points include massive string mode propa-
gators. They correspond schematically to the tropical limit of the worldsheet that
looks like a Feynman diagram with the insertion of a genus 0 string world sheet.
They are suppressed by powers of o with respect to the one loop supergravity in-

tegral, the leading 8((37)0)6 term for D > 3 and the next to leading 5((11,)0)6 term for D > 7.

Again these corrections can be seen as arising from the effective field theory action
in string frame

; 1
Sstrlng — 5 - /le, —q 672¢)
kb

l6
X (R + ﬁ Z l§p+6q <c(p7q) + g%e%g((;)q)e) VAPToaR: > ,

0,920

(3.5.50)

where again we have assumed the we have absorbed the vacuum expectation value
¢p of the dilaton into the string coupling constant.

Logarithmic ambiguity in 8 dimensions We saw that in dimension D = 8 the
two terms in (3.5.49) are not individually well defined but their sum is analytic in 0.
From the supergravity point of view this is because D = 8 is the critical dimension
and thus the dimensionally regularised one loop amplitude contains a pole in € = 0
corresponding to the logarithmic divergence. The only term in the analytic part of
the amplitude which has the same power in ' and thus can cancel this pole is 5(%,)0)5-
Indeed this term also diverges. Let us write d = 2 + 2¢. We have on one side
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d8—2ep 1

7—d,, 5= 7(1) 5—2€ €
32(2m) = ]45 (s,t) = 32(2m)" *a’" / (27)8=2 p2(p — k1)2(p — k1 — k)2 (p + Ky )2

0o 1 T T
_ 471'06/_6/ dL Lel/ dl'g/ ° d.Tg/ ’ dl'l eﬂ'L[(xzfacl)(lfxg)s+z1(ngxg)t]
dTQ € mrod [(x2—x1)(1—x3)stx1 (z3—x2)t]
= 47 —7'2 dmg dxg dxl e

_ HF( c(l—x) e (L—z)!
= —8m r(5—26> /0“(( ofs)”" 1+ 50— Ly 1>

We therefore define the renormalised function

In(—¢/p?)

. - (m@lﬂz)),

(3.5.52)

~(1) . 1 S
I,(s,t) = o) <S—Hln(—5/ﬂz) +

where we have introduced the renormalisation scale y. Notice that I Sz(s, t) =
21
I (/12 t/12).

On the other side we write explicitly the SO(2, 2) invariant bilinear form H¢ 5(q, q|
appearing in the Narain partition function as

1 1

Heaplg,q) = ?(m + x1q2 + Toq1 + $1$2n)2 + ?(QI + $1n)2 + yg(% + $2”)2 + ?J%HQ )
1 2

(3.5.53)

where y1, 12, o parametrise the torus metric G;; and x; parametrises the torus Kalb-
Ramond two form By and q¢ = (m, q1, g2, n)T. We also have (q, q) = 2mn+2qqz. We
can then replace the (Im7)¢ factor in (3.5.40) by the real analytic Eisenstein series

E’f/fl ®)(7) without changing the limit. Therefore we compute as in [48]
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d*t S 2 SL(2

En). =2 / (i o Ty, = Ame B (T EL ()
2

= ——7T + 27 (vp — Indm) — 2r In(Im Un(U)|*) — 27 In(Im T|n(T)|*) 4+ O(e),

(3.5.54)

where we have used (4.1.60) along with the isomorphism SO(2,2) = SL(2) x SL(2)."
We have also defined U = xo + iy1 /ys € H1 and T = 1 + iy1y2 € H;y and n(7) is the
Dedekind eta function defined by

LQT H 2n7ri7) _ Z 637ri’r(n+é)2+i7m7 (3555)
n=1 nez

for any 7 € H; in the upper complex half plane. If we consider that we have obtained

the 8 dimensional theory by compactifying type ITIA string theory on a torus 7 then

U can be interpreted as the modulus of T?. y; = Ry/l, and y, = Ry /I, are then the

radii of both circles of the type IIA torus in string length units. Therefore we can see

that the poles in € = 0 indeed cancel out in the total amplitude. In total we have

;tlring(s,t,u; @) =(47)° (I( )(Oé s, a't) + [(1)(0425 a'u) + Lﬁ l)(a u,a's))
—2rIn(ImU|n(U)|*) — 27 In(Im T|n(T)[*) + % —4mln 27
+ other terms
=(4m)* (1) (s ) + I, (k) + 11, (u, 9))
—2rIn(Im U|n(U)|*) — 27 In(Im T|n(T)|*)
+ 4% Ings + % — 47 In (27Tll_s) + other terms, (3.5.56)

where in the last step we have used that {p = g l Hence we define the renormalised
function

A 227
Eity = —2m In(Im Un(U)|*) — 27 In(Im Ty (T)|*) + T lngs + 228 — 4rln(2rlpp).

3 3
(3.5.57)

10T his is not strictly correct but in this thesis we will mostly neglect factors of Z, and topological
issues relative to universal covers and connected components unless stated otherwise.
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Note that this has modular invariance under SL(2,Z) on both arguments U and 7.
The isomorphism SO(2,2) = SL(2) x SL(2) tells us that the function actually has
SO(2,2,7) invariance. If we further add the invariance under the exchange of 7" and
U, which corresponds to Ry <— [2/Ry, we get the full O(2,2,7Z) invariance which
again corresponds to the invariance under T-duality of the amplitude. Therefore we
can interpret T" as the modulus of the type IIB torus. Finally the full renormalised
function is

strin. F(1 (1 (1 1
S (s, us ) =(4m) (I (s, 0) + T80t w) + 1) (u, 5)) + Ehy

+ other terms. (3.5.58)

Hence we have seen that even though supergravity amplitudes suffer from diver-
gences, string amplitudes offer a completion of these amplitudes which are finite at all
orders. Indeed the analytic contributions coming from the infinite tower of massive
string states cancel the non renormalisable loop divergences. Since the divergent su-
pergravity amplitude come from the singular tropical limit of the worldsheet, we can
interpret the finiteness of the total string amplitudes as resulting from the smoothness
of the string worldsheet. Furthermore we have seen that the finite string amplitudes
offer a non ambiguous way to define renormalised quantities in the low energy limit.

3.5.3 Genus two amplitude low energy limit

This subsection closely follows subsection 2.3 of [92]. At the two loop level on
the supergravity side we actually have two Feynman graphs contributing, see fig-
ure 3.6 [72,89].1

There is the planar diagram (depicted on the left in figure 3.6) which gives the
integral

sugra 2 2 2 2
DE (s, t,u) = S (I0h(s, 1) + L0 (s,u)) + (L7 (8 u) + I7h(t, 9))

(I, 8) + I h(u, ),
(3.5.59)

with

1 Again the two-loop four-graviton amplitude in maximally supersymmetric supergravity contin-
ues to have the feature that it can be written in terms of ¢ scalar field theory diagrams [89].
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I ¢

Figure 3.6: Four graviton two loop planar diagram (left) and non planar diagram
(right) in maximal supergravity. Gravitons are represented by straight lines.

D, 1D

193, 1) :/d pd 1

L (2m)2P p2(p — k1) (p — Ky — k2)2(p + 0)2*(q — ka)*(q — kg — ka)?
(3.5.60)

where again, by convention, the loop momenta are assumed to be euclidean. In

Schwinger parameter space this is

1 o L2
:W ; dleLgdL3 AQ d$2d$4 dxl dLEg

ﬂ.LlLAQLS [(1—z1—z4)(A1—z2—23)s+(x2—21) (T4— Ig)t]+7TL1x1 (1—x2 s+7rL2:133(1 T4)s

(3.5.61)

2
I2)(s,1)

e

where A = Ly1Ls + L1L3 + LaLs. And there is the non planar diagram (depicted on
the right in figure 3.6) which gives the integral

ugr 2 2 2 2
B (s tou) = S (I p(s,t) + I p(s,w) + (I3 p(tw) + I p(t, )
2 2
+ (I3 p(u, 8) + I p(ust)

(3.5.62)
with
[(2) ( ) _ / dedD 1
T (27)20 p2(p — k1)2(p — k1 — k2)2(p + q)2(p + q + k3)2¢%(q —(k4)2 |
3.5.63
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In Schwinger parameter space this is

(2) 1 ee L%L2L3 ! r2
[4,NP(S7t) :W o dL]_dLQdLg A% . dm2dx3dx4 o dm]_
ew%[(1—:1:1—x4)(1—x2—x3)s+(x2—x1)(x4—a:3)t}+7rL1z1(1—962)5 ] (3564)

The full one loop function is given by

;‘jg”(s,t,u) = Etgf;(s,t,u) + f;‘f%fifp(s,t,u). (3.5.65)

The integrals suffer from IR divergences in D < 4 and from UV divergences for D > 7,
therefore they must be dimensionally regularised. D = 4 and D = 7 are the critical
dimensions where the logarithmic divergences introduce poles in € = 0.

At genus 2 on the string side we have

string . m Y (2) Ry o k. .k
p" (51 5) = 535 | Tacrmeyy hae Jo, Yo Vsew| =5 D ki kGl )

i<j
(3.5.66)
where
I (Q) = [detTmQ)? Y e mm @ Hoslal i@ o) @) (3.5.67)
qi€lly q
Let us parametrise () as
P uy + puz
0= 3.5.68
(U1+pU2 §+pu§>’ ( )

with p,¢ € C and uy,us € R. The dimensionless volume of the genus 2 worldsheet
is then given by detImQ = (Imp)(Img). It is convenient to introduce the cutoff
parameters A; < A to split the moduli space into three pieces: the truncated funda-
mental domain F,, where Im¢ < A, the non separating degeneration intermediate
region where Im¢ > A and Im p < A; and the tropical region where Im¢ > A and

Imp > A, [108]. This also splits the moduli space integral in (3.5.66) into fa"8

D2 <N\
string string
Da<n > and fpy Sy . Let us first focus on the first part
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string . o i
Ip 2<A(S’t’“’90)_128/ (detImQ /ySAyS

i%(——Zk - k; G(zz,z])> :

(3.5.69)

We can expand the Koba—Nielsen factor to get

2p+3q
strin, [0
f t2 Ea(s,tup) = Z <_) 5((5,)(1)/\(82 + 2 )P (P + 3+ u?)?, (3.5.70)

4
P,4=>0
with
6
(2 R o) p@
8(1’»‘1)1\ =2m /]'__2 R Wrﬂd,dlg(p,q) ) (3571)

where the first graph functions are [72,76,77]

2 _ (2 _
8(070)—07 810) 2. (3.5.72)

The next graph functions are studied in [72,104,109,110]. As in the genus 1 case we
take A > 1 and by introducing an analytic continuation d — d + 2¢ we can write the
divergent part of the integral (3.5.71) as a sum of powers of A whereas the cut-off
independent part is given by

5(2)

(pg)e

_ d°Q @ @
=27 <—(det Im Q)T B (3.5.73)

7, (det Tm Q)3 (Pa)?
which is also defined by analytic continuation in e around € = 0. The two parts are
individually well defined for finite A in every dimension except d = 3. Note that the
graph functions are invariant under PSp(4,Z) which ensures that the amplitude does
not depend on the representative F» of U(2)\Sp(4,R)/PSp(4,7Z). In the limit € — 0
we have that the first couplings are given by

(2)
5(0,0)6 - 07
2 2t 1 so(dd S0(d,d
5((1,)0)6 =~ 135 <E2Ad(e '+ E2Ad( 12) : (d <4 and d # 3) (3.5.74)
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Again Eisenstein series are defined later in chapter 4 but for now one can notice that
they are invariant under O(d, d,Z), which reflects the invariance under T-duality of
the amplitude. For d < 4 the Eisenstein series have poles but in the limit ¢ — 0 the
poles in e cancel between the two functions (for d # 3). For d = 0 the Eisenstein
series are not defined but we can see that £ (Loye = dmp(F2) = e > where p(F) = 375
is the volume of the fundamental domain F,. For d = 3 the limit € — 0 diverges for
S((i)o)e, this is simply due to the logarithmic divergence in (3.5.73). We will show at

the end of the section how to regularise this and calculate 5((11 )0)6

Let us now turn on the integral on the tropical region.

string . ™
t A
f 2>A1(S7 7u7 SD) 128 /;m§>A (det ImQ / yS yS

Imp>Aq
a/
X exp —321%1% G(ZZ‘,Z]‘) .

1<J
(3.5.75)

We have detIm € > AA; > 1 therefore this part of the moduli space integral is
restricted to the Riemann surfaces with large dimensionless volume. This justifies
using the tropical limit and tropical geometry. Let us parametrise Im €2 as

1 (Li+Ls L
ImQ—a( P (3.5.76)

Then in the tropical limit L,, L, and L3 can be interpreted as the lengths of the three

lines in the degenerate Riemann surface representing the two loop vacuum Feynman
diagram given in figure 3.7. We choose the ordering 0 < L3 < L; < Ls.

If we focus on the generic case where the punctures are far away from the branching
points we also have that the one forms w’ are locally constant and have support on the
b-cycle B?. For a path « from 2 to 2’ one can define the dimensionless geometric length
d(v). For example, for the closed path B! one has by definition d(B') = o/L; + o/ L3
and for B? one has d(B?) = o/ Ly + o’ Ls. This distance depends on the chosen path,
however in the tropical limit this choice is limited, up to closed loops, to a finite
number. The choice basically amounts to choosing around which line to go at the
branching points. Therefore, for a given path that does not include closed loops there
always exists a; € {—1,0,1} such that

; Im/wi =d(v). (3.5.77)
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L, Ly Ly

Figure 3.7: Tropical limit of the genus 2 Riemann surface representing the two loop
vacuum diagram of maximal supergravity. L;, Ly and L3 represent the lengths of
each line.

If v is a shortest path from z to 2/, it is convenient to use an odd spin structure
v = [#] such that a; = |a;| and a;b' = 1 to compute the prime form (3.3.24). Up to
exponentially suppressed contributions, the tropical limit of the prime form is given
by

2i sin (7?04,- f7 wi)
21/ ' (z)awi (')
Then the tropical limit of the propagator in the Koba-Nielsen factor is given by [106]

G(z, ') =2r (—d(v) + (Im Q) (Im [ “’i> <Im/7w>)

+2In27 — In |1 — ¢ 2rd0t2miny |y (3.5.79)

E(z,7) =

(3.5.78)

up to exponentially suppressed terms, where z., € [0, 1] represents a phase which is
irrelevant here. Indeed we can also focus on a generic point in moduli space where all
worldsheet punctures are far from each other and the distances d(+) for paths ~ from
z; to z; are far from 0, we call the moduli space integral over such points f3f2i%> Ay

In this case the logarithmic term can also be neglected.

The properties of the holomorphic 4-form (3.3.22) imply that the only contribu-
tions in the tropical limit are when at least two punctures are on each b-cycle and
at most two on B! N B2. This implies that there must be two punctures on one of
the three lines and the two others can be either on one or two other lines. This gives
us permutations of the planar and non planar diagrams of supergravity. there are
18 choices of planar diagrams and for each we may choose four different orderings
of punctures on two lines, so 72 ordered choices in total. There are 36 choices of
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non-planar diagrams and for each one may choose two different orderings of punc-
tures on one line, so 72 ordered choices in total. It is convenient to absorb the six
permutations of the lines in an unfolding of F5 to the Siegel upper half plane L; > 0
corresponding to the Schwinger parameter space of the vacuum diagram. Therefore
Ly, Ly and L3 are not ordered anymore.

The tropical region is now determined by o' 2detImQ = LiLo + L1Ls + LoLs =
A > o/*AN; and Ly + Ly > o/A, for all pairs I, J. There is now a single integral for
the planar and the non-planar diagrams that we must sum over the six permutations
of the Mandelstam variables.

T 5-d L3 ! w2
string . o 15— 1
D,2,®>A1(57tau790) = ZOZ / ngo dLydLydLs A5_d/ deQ/ dx;
A>a'?AN, 2 Jo 0
Li+Lj>a'Ay

1 T4 LiLyL
8267TL1:1:1(1—502)5 (/ dl’4/ de L%Gﬂ— 1223 [(1—z1—z4)(1—z2—x3)s+(x2—21) (wa—x3)t]+7Loxs(1—x4)s
0 0

1
+/ d$4d1’3 L2L367r['1LA2L3[(1—x1—x4)(1—x2—x3)s+(a:2—x1)(x4—x3)t}) + perm.

0
(3.5.80)

This is simply the supergravity integral in Schwinger parameter space with a UV
cutoffs o/ A and o’/ A;. Therefore this integral is well defined for all space-time dimen-
sions D > 5 which corresponds to d < 5 whereas for D = 4 corresponding to d = 6
one must introduce some IR regularisation. Again as in the genus 1 case we take
A A < 1/d!s, 1/a’t,1/,a’u and by introducing an analytic continuation d — d + 2¢
we can write the divergent part of the integral as a sum of powers of A and A; whereas
the cut-off independent part is given by

1&%&*”45d@ﬂdgxaw+mzxam+¢ﬁm4aw+aﬂ%@ﬂm

2 2 2 2
F2LE) () + I (ts) + I p (tw) + I p o (E8))

2 2 2 2
U 09 + T ) 18 (05) + 1o 0 t») |
(3.5.81)

where we have defined
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1(2) (S t) _ / dl()fdpdloqu 1
B (2m)20724 " p2(p — k1)2(p — k1 — k) 2(p + 0)24*(q — ka)*(q — ks — ka)?

](2) ( t) / le—ddeO—dq 1
87 - )
B (2m) 2020 p2(p — k)2 (p — k1 — k2)2(p + ¢)* (0 + 4 + k3)2q2(q — Fa)?
(3.5.82)
by analytic continuation in € around € = 0.
When all contributions from f55,, fis$rs, and f5e,, are included on can
show that all A and A; dependent terms cancel out. Therefore we can forget about

the cutoff parameters and the complete integral can be written for D > 5 as the limit
e—0

I (s, 1, u; ) = 16(2m)1 200/
2 2 2 2
X (ﬁuﬁ},e(s, t) + I (s,u) + I p (5,1) + I p (5, 1))
2 2 2 2
F2(LE) () + I (ts) + I p (tow) + I b (E5))

2 2 2 2
A )4 150 00) 150+ 152 000))

1\ 2p+3q
+ 2 (QZ> ED (5% + 12+ u)P(s* + 12 + u®)7 + other terms,
p,g>0

(3.5.83)

where the limit is well defined for each term individually for all dimensions except
d = 3 corresponding to spacetime dimensions D = 7. This result also holds in D = 4
provided one introduces an IR regulator.

We can see from (3.5.59), (3.5.62), (3.5.65) and (3.5.83) that, again, the low en-
ergy limit of the genus 2 string amplitude reproduces the dimensionally regularised
two loop supergravity amplitude if we make the identification 2x2, = (27)" %/ N g3,
This corresponds to the tropical limit of the string worldsheet that looks like the two
loop supergravity Feynman diagrams. The other terms coming from fls)tgnf A, With co-
incident points include massive string mode propagators and correspond to tropical
limits of the worldsheet looking like a two loop Feynman diagram with the insertion
of a genus 0 string world sheet. Finally the terms coming from the integral on the non

separating degeneration intermediate region f3"%, A, correspond to tropical limits
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of the worldsheet looking like a one loop Feynman diagram with the insertion of a
genus 1 string world sheet. They are suppressed by powers of o' with respect to the
two loop supergravity integral, the leading 5((3)0)6 term for D > 3 and the next to

leading S((i)o)e term for D > 7.

Again these corrections can be seen as arising from the effective field theory action
in string frame

- 1
Sstrlng — dD.CL’ —g 672¢>
2K%
l6
x (R + 2 D (c(p,q) +gheEL) + 931364%((;{1)6) VAR 4 ) ,
,q=0

(3.5.84)

where again we have assumed that we have absorbed the vacuum expectation value
¢o of the dilaton into the string coupling constant.
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Chapter 4

U-duality and automorphic forms

Even though perturbation theory is very useful and allows us to deal with non trivial
interactions it can only give us an incomplete picture. Indeed by definition one can
only compute observables by truncating the perturbation series to a finite order. An
example includes the Wilson coefficients of (3.5.84) which could potentially receive
contributions from all orders of perturbation. One tool which may help us to go be-
yond perturbation theory is symmetry. Indeed when the symmetry group of a theory
is large enough'® it may allow us to bootstrap observables, sometimes to all orders in
perturbation theory and even non perturbatively. This idea has enjoyed great success
in the conformal bootstrap program for example where the symmetry used is confor-
mal invariance [111]. Supersymmetry is another type of symmetry that entails strong
constraints. For example it can protect some quantities from renormalisation, as we
will see this is actually the case for the first few Wilson couplings in the effective
action type II string theory [47,76].

This justifies why we have been mainly interested in maximal supersymmetry. In-
deed with such a large amount of symmetry at our disposal one can hope to constrain
the effective field theory expansion perhaps even uniquely. On the string theory side
maximal supersymmetry also comes with added structure: U-duality.? U-duality is a
non perturbative discrete symmetry of string theory which acts on the moduli fields.
In particular it is a very strong tool to constraint and study the Wilson coefficient of
the effective field theory.

We begin this chapter with a quick reminder of automorphic forms. We take
special interest in Eisenstein series, especially minimal and next to minimal Eisenstein
series for SL(n) and SO(n,n) groups. We give their Fourier expansions on parabolic

1Usually Poincaré symmetry is insufficient

2U-duality is not restricted to maximal or even extended supersymmetry but it is the case where
the U-duality group is the most extended. We will focus exclusively on the maximally supersym-
metric case in this thesis.

133



subgroups. We then review U-duality for maximally supersymmetric string theory
with the specific example of type IIB string theory. Finally we show how U-duality
and supersymmetry allows us compute the exact leading Wilson coefficients in the
effective field theory limit.

4.1 Automorphic forms

Automorphic forms and automorphic representations are a whole subject of study in
the mathematical community [112-125] most of which is much beyond the scope of
this thesis. In this thesis we will only need a few basic notions and therefore we will
not develop the subject in full generality. Note that our conventions, notations and
terminology do not always necessarily match that of the literature in the mathemat-
ical community, nevertheless we will try to be coherent and self contained with our
exposition. See [126] for a short mathematical review.

Roughly speaking an automorphic form is a well behaved function on a coset
space G /T" where G is some Lie group manifold and I is typically an infinite discrete
subgroup of GG. More specifically it is a smooth function f from G to some finite
dimensional complex vector space V' which is invariant under the action of T, i.e.

flgv) = f(9), (4.1.1)

for all v € I'. Automorphic forms can also transform covariantly under the action of
some compact subgroup K of G. Indeed let p : K — GL(V') be a representation of
K acting on V' then we say that f transforms in the representation p of K if

f(kg) = p(k)f(9), (4.1.2)

for all £ € K. We will be particularly interested in the case where K is a maximal
compact subgroup of G.

Symmetric spaces Let G be a semi-simple connected Lie group and K be a max-
imal compact subgroup of G such that K\G is a Riemannian symmetric space of
noncompact type. This means that the Lie algebra g of G can be decomposed into
the direct sum g = € & p where ¢ is the Lie algebra of K and p is its orthogonal
complement and that

£, €] C ¢, [&p] Cp, p,p] CE. (4.1.3)

This is called a Cartan decomposition. The first condition simply says that K is a Lie
subgroup of GG and is automatic for any homogeneous space. The second condition
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makes K'\G into a reductive homogeneous space. The third condition however really
characterises symmetric spaces.

The Maurer-Cartan form on G defines a principal connection on G seen as prin-
cipal bundle over a trivial base manifold, it also defines a Cartan connection on the
symmetric space K\G. Indeed as a g-valued one form it can also be decomposed into

dgg'=Q+ 1P, (4.1.4)

where @) is a t-valued one form and P is a p-valued one form. Seeing K\G as a smooth
manifold of dimension dim G —dim K one can interpret p = got as the tangent space
of K\G at the identity e and also at any other point by left-right translation invari-
ance. Therefore P can be seen as a vector valued one form. Actually, one can show
that P defines a vielbein £ = P on K\G.

Taking the exterior derivative of the Maurer-Cartan form we get

dldgg™) = —dgNdg ' =dgg* Ndgg™". (4.1.5)

This is known as the Maurer-Cartan equation. Therefore we have

dP+Q)=(P+Q)N(P+Q). (4.1.6)

Decomposing this last equation on £ and p this gives us the two equations

dQ=QANQ+PAP,
dP=QANP+PANQ. (4.1.7)

The second equation can be interpreted as a Cartan structure equation for torsion

dE +[-Q,E] = 0. (4.1.8)

Therefore —(@Q) can be interpreted as a spin connection w = —@Q on K\G. Hence the
first equation can be interpreted as a Cartan structure equation for curvature

1
dw+§[w,w] =—PAP. (4.1.9)

Therefore —P A P can be interpreted as a curvature foorm R = —P A P on K\G.
Hence, in the basis of the vielbeins the curvature form R = —FE A E is constant.
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For some automorphic form f we can define the action of the Lie algebra g on
f through the left-action of the universal enveloping algebra U(g) generated by g
through

, (4.1.10)
t=0

(XD = (Gr0)

for all X € g. For X € p this coincides with the covariant derivative on K\G

(X - f)(9) =Dxf(9), (4.1.11)

whereas for X € € this is simply the action of £ on f induced by the representation p
of K

(X - F)g) = Dp(X)f(9)- (4.1.12)

Let {t,} and {t,} be a basis of £ and p respectively. We can decompose P and
Q as P = Pjt,dz" and Q = Qjt,dx" so that the vielbein and the spin connection
are written in components as Ejj = P and wy,, = Q) %, respectively where [  are
structure constants of g. We can therefore write the metric on K\G as

G = kaPL P | (4.1.13)

where £, are coordinates of the Killing form on g. The curvature tensor on K\G is
written in the vielbein basis as

R = VCdf“bW. (4.1.14)

Therefore the curvature tensor is indeed constant in the vielbein basis. By the viel-
bein postulate which states that the vielbein are covariantly constant this implies
that the curvature tensor in coordinate basis is covariantly constant as well. This
also characterises symmetric spaces.

We can also give explicitly the action of the covariant derivative on some auto-
morphic form f in components

Daf(9) = kaG" Py (9, + plwy)) f(9) - (4.1.15)

For any element in the centre Z(g) of the universal enveloping algebra U(g) generated
by g one can define a left-right invariant differential operator. The canonical example
is the quadratic Casimir, which defines the Laplace-Beltrami operator

A = kD,Dy. (4.1.16)
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More generally, one can define the centre Z(g) as the set of K-invariant polynomials
in the covariant derivative D, generated by the Casimir operators of g.

Parabolic subgroups Let G be a semi-simple Lie group of rank r with Lie algebra
g and Cartan subalgebra f. Let a € h* be some element in the dual of the Cartan
subalgebra, we define g, as the subspace of g given by

ga={Xecg|VHebh, adHX =a(H)X}. (4.1.17)

The a € b* such that g, is non trivial are called roots of the Lie algebra g and g, is
called the root space associated to a. Root spaces are all of dimension 1. Let R be
the set of all roots which, one can show, forms a lattice and let A be the set of all
simple roots, i.e. generators of the root lattice. We define RT the subset of positive
roots spanned by A, i.e. positive integer combinations of the simple roots (the set of
negative roots is then —R™). We then define the Borel subalgebra b by

b=bo P ga. (4.1.18)
a€RTt
The Borel subgroup B of G is the subgroup generated by the Borel subalgebra b.
Consider a partition of the set of simple roots A into disjoint sets A; and A, such
that A = AjUA,. Let R be the set of positive roots spanned by A; and RJ the set
of positive roots spanned by A,. We define the parabolic subalgebra pa, associated
with the set of positive roots R} as

pu=bo B g (4.1.19)

a€RTU(—R)

Clearly if Ay C A, then p A, C Pa,. A parabolic subgroup P, of G is a subgroup
generated by the parabolic subalgebra pa,.

Any parabolic subgroup P, admits a Levi decomposition Pa, = La,Ua, into
a reductive subgroup La, called a Levi subgroup and a unipotent radical Ua,.* In
Lie algebra terms we have pa, = [a, @ na, where [5, is Lie algebra of the Levi
factor and na, is the Lie algebra of the unipotent radical (which is nilpotent as a Lie
subalgebra). Their expressions are given explicitly by

h=b® P g, and 1ns, =P o (4.1.20)

a€RJU(-RY) a€RY

3Strictly speaking this is known as a Langlands decomposition. Here we will still use the term
Levi subrgoup even though it is not necessarily semi-simple.
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When Ay = A and A; = ¢ then R = ¢ and we have po = b. Hence the Borel
subalgebra is the minimal parabolic subalgebra. Therefore the Levi factor of the
Borel subalgebra is [, = h and its nilpotent radical is the sum of all the positive root
spaces. When Ay = ¢ and A; = A then R = R™ and we have p, = g. Therefore
all parabolic subalgebras are contained between b C pa, C g. We define maximal
parabolic subalgebras different from g by singling out one simple root «; and taking
Ay = {a;}. We denote this maximal parabolic subalgebra by p; = pra,3 and the
associated maximal parabolic subgroup as P, = Py,,. It has rank r — 1.

We can also define parabolic subgroups through weights. We define fundamental

weights {A;} as a basis of h* such that (A;,a) = d;; for all simple roots a; € A

where oY = 2a/{a, a) is the coroot associated to o and (., .) is the bilinear form
on h* induced from the restriction of the Killing form on . All dominant weights
are of the form A = ) . \A; for \; € N and all combinations of this form define a
dominant weight. Therefore the fundamental weights generate the whole fundamen-
tal Weyl chamber. In particular we define the Weyl vector as p = Y. A;. For any
root o € R, one can show that it is a positive root, i.e. a € RT if and only if (p, &) > 0.

Let A be a dominant weight we define the set Ry by

Ry={a€R|(Aa)>0}. (4.1.21)

We can see that R, = R" and if o; is a simple root we can easily see that if Ay =
{a}, Ay = A\ {a;} then Ry, = RT U (—R;). Then we can also define parabolic
subalgebras as

pr=ho P ga. (4.1.22)

a€ERp

We write the parabolic subgroup of GG generated by the parabolic subalgebra py as
Py. We can see that py, = p; and p, = b.

Finally, if we define

R\={a€R|(Aa)=0} and Ri={acR|(Aa)>0}, (41.23)

then the Lie algebras of the Levi factor L, and the unipotent radical U, are given
explicitly by

h=bhe @ o, and ny = @ Ja - (4.1.24)

aER% aERj{
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Iwasawa decomposition Let G be a semi-simple connected Lie group, let K be a
maximal compact subgroup of GG and let B be the Borel subgroup of G. The Iwasawa
decomposition states that G can be decomposed into G = K B. This means that any
element g € G' can be uniquely written as ¢ = kb with k € K and b € B.

The Borel subgroup can be seen as the minimal parabolic subgroup but we can ac-
tually extend this decomposition, although non uniquely, to any parabolic subgroup
Py, as G = KP,. By the Levi decomposition any parabolic subgroup P, can also
be decomposed into its unipotent radical U, and its Levi factor L, so that we have
G = KL)U,. This means that any element g € GG can be non uniquely written as
g=Fkluwith k€ K,l € L, and u € U,.

The Langlands decomposition also states that the Levi factor L, of any parabolic
subgroup P, can be decomposed into a semi-simple part M, and an abelian part A,.
Therefore any element g € G can be written as ¢ = kamu with k € K, a € Ay,
m € My and u € U,.

We say that a function f: G — C has moderate growth if for some norm || .|| on
G there exists coefficients C' > 0 and s > 0 such that

|f(g)|< Cllgll* (4.1.25)

for all g € G. We also say that the function f is polynomially bounded. We say that
a function f : G — C has uniform moderate growth if all its covariant derivatives are
polynomially bounded with the same exponent s (although the coefficient C' can be
different).

One can show that if G, or equivalently G/T" for some discrete arithmetic sub-
group I, is not compact then the cusps of G/I" correspond to taking some abelian
factor of A, associated to some parabolic subgroup P, of G to infinity. Therefore
moderate growth implies that for each parabolic Py one can find a coefficient C' and
exponents s = {s1,..., 5} such that | f(g)|> C|a|® for large a € Ay where [ = dim Aj.

We finally have all the tools necessary to properly define automorphic forms. Let
G be a connected semi-simple Lie group with Lie algebra g, let I' be some discrete
subgroup of G and let K be a maximal compact subgroup of G. We say that a
smooth function f from G to some finite dimensional complex vector space V' is an
automorphic form for I' if it satisfies the following four conditions:

1. f is invariant under the action of I' as in (4.1.1),

139



2. f transforms covariantly under the action of K according to (4.1.2),
3. f defines a finite dimensional representation of the centre Z(g),

4. Each component of f is of moderate growth as in (4.1.25).

Condition 1. makes f into an automorphic representation of G, condition 2. is why
we call f a "form”, condition 3. gives f good analytic properties while condition 4.
ensures f is well behaved in the case G/I' is non compact. When G = SL(2,R),
K =S0(2) and I' = PSL(2,Z) we call f a modular form.

If f transforms in the trivial representation of K we call f an automorphic func-
tion. By definition we have V' = C and since f is invariant under the action of K
we can see [ as a function f: K\G/T — C. In the simplest case f is a one dimen-
sional representation of the center Z(g), which means that it is an eigenfunction of
all Casimir operators. Finally one can show that the components of all automorphic
forms automatically have uniform moderate growth [126].

In the rest of this thesis we will focus on automorphic functions seen as smooth
complex functions on K'\G/I" which are eigenfunctions of all Casimirs and have uni-
form moderate growth.

4.1.1 Eisenstein series

A prototypical example of a modular form is given by Eisenstein series. This is also
the object we will be most interested in throughout the rest of this thesis. Again
Eisenstein series constitute a very large subject of mathematical study [127-140]
which goes much beyond the scope of this thesis and we will not develop the topic in
full generality. For a more extensive review see [141,142].

Let G be a simple connected group of rank r with Lie algebra g. Let us denote
a € R the roots and «; € A the simple roots of the Lie algebra g. Let {H,,, E,} be
a Chevalley basis of g where {H,,} is a basis of the Cartan subalgebra § of g such
that H, € b is the dual of the coroot o € h* by the restriction of the Killing form
(.,.) on b defined by (H,, H) = a¥(H) for all H € h and {E,} are root generators
associated to roots a € R such that
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[Hois Hoy] =0,
[Haﬂ E:l:aj] - :thZEaJ )

[Boiy B_o;] = 04 Hy, (4.1.26)
NosEoip ifa+peR,
[Ew, Es] =< —H, ita+p5=0,
0 otherwise ,

where Cj; = (a, a}/) are the components of the Cartan matrix. The root space g,

associated to some root « is given by Span(E,).

Let K be a maximal compact subgroup of G. According to the Iwasawa decompo-
sition, for any element v € K'\G we can find a unique coset representative v ~ b with
b € B. Therefore, by definition of the Borel subalgebra (4.1.18) we can decompose v
as

r

v = He_%lnyiH‘*i H etelo (4.1.27)
=1 a€RTt
with z, € R and y; € R%. Let us define A = Y | s;,A; for s; € C where {A;} are
the fundamental weights of g. According to the commutation relations (4.1.26) the
following function

@) =T (4.1.28)

is invariant under the action of the Borel subgroup B. y, is called a multiplicative
parabolic character of weight \. We define the Eisenstein series of G as the Poincaré
sum [141]

Efw)= ). xa), (4.1.29)

YEB(Z)\G(Z)

where the arithmetic subgroup G(Z) is defined as the Chevalley group associated to
the weight lattice of G. This automatically defines a smooth complex function on
K\G/G(Z) which is absolutely convergent if Re((A;, A)) > (A;, p) for all fundamental
weights A; and admits an analytic continuation in s = {sy,..., s,} to a meromorphic
function on C" [141]. However it is not well defined for all values of A. Indeed if for
some \ the symmetry group of y, is larger than B then the sum becomes divergent.
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One can see using the commutation relations (4.1.26) and the definition of a parabolic
subalgebra (4.1.19) that when s; = 0 the symmetry group of x, is enlarged to the
parabolic subgroup Pa, with Ay = A\ {a;}. In fact if A = S/=7 si,\;; where
Siys .-, 8;, 7 0 are the non zero coeflicients then x, is invariant under the parabolic
subgroup Pa, with Ay = {a;,,...,a;}. Therefore the limit of the Eisenstein series
to those singular points by analytic continuation is given by

ORI SR (41.30)

YEPA, (L\G(Z)

The resulting sum is absolutely convergent if Re((A;;, A\)) > (A;;, p) for all funda-
mental weights A;,...,A; and also admits an meromorphic continuation in s =
{si,---,8;,} to C'. The meromorphic continuation is independent of the choice of
parabolic subgroup. In particular we can see that we have

E§w)= Y xy= > 1=1. (4.1.31)

YEG(Z\G(Z) ve{ld}

One can show that in the domain of absolute convergence, away from the poles in C",
Eisenstein series are eigenfunctions of all K-invariant operators and in particular of
the Laplace operator on K\G (4.1.16)

AEC(v) = 20\ X — p)ES (v), (4.1.32)

where p is the Weyl vector. Finally one can also show that Eisenstein series have
moderate growth. Therefore they are indeed automorphic forms. It is easy to see
that both E{ and AEY are real and strictly positive for s = {sy,...,s,} real, posi-
tive and in the domain of absolute convergence.

Let w € W be an element in the group of Weyl reflections on the weight lattice of
g. We define R¥ C R™ to be the set of positive roots which are reflected to negative
ones by w, i.e. the & € R such that wa € —R™. It has been proved that Eisenstein
series satisfy the Langlands functional relation [141]

50 = 11 gimne oy 1 %ot (4.1.33)

Note that £(s) is a meromorphic function of C which has poles at s = 0 and s = 1
and obeys the relation £(s) = £(1 — s).
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Maximal parabolic Eisenstein series Let us now specialise to the case where
A = sA\; which will be the case we will focus on for the rest of this thesis. We have

Xsa; (V) =15 (4.1.34)

Let e, € R(A;) be the highest weight vector of the representation of g associated to
the fundamental weight A; which we assume to be normalised to one. By definition
of the Chevalley basis (4.1.26) and of a highest weight vector if we assume that the
generators H,; and E,, are in the representation R(A;) we have Hey.en, = dijen, and
E.ex, = 0 for all & € R*. Therefore if we assume that v is in the representation
R(A;), by (4.1.27) we have

1
vey, = en, - (4.1.35)
VYi
Hence
(v) = — (4.1.36)
sh, (V) = ——=, 1.
A Tuen P
where ||| is the K-invariant norm of the representation R(A;). Therefore we can

rewrite the expression of the Eisenstein series as

EG ()= ) _ (4.1.37)

2s
seriana 076

where P; is the maximal parabolic subgroup associated to the fundamental weight A;.

Let ¢ € R(A;,7Z) be a vector in the representation of g associated with the weight
A; over Z.* The tensor product ¢ ® q belongs to the representation R(2A;,Z) of g
associated with the weight 2A; over Z if and only if it satisfies the Casimir eigenvalue
equation

kAP taq @ tpq = (A, i) g @ q, (4.1.38)

where ¢4 are generators of g and x4p is the Killing form on g. One can show that
this property is satisfied for any vector ¢ € R(A;,Z) of the form g = nyey, for all
v € G(Z)/Pi(Z) and for all n € Z and any vector that satisfies this constraint must
be of this form. In fact we have an isomorphism

G(Z)/P(Z) ={q € R(Ni,Z)|q® q € R(2\;,Z), ged g = 1}, (4.1.39)

4More precisely R(A;,Z) C R(A;) is a Chevalley lattice which is preserved by the action of G(Z).
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where here the ged includes a notion of sign. Therefore we can rewrite the expression
for the Eisenstein series as

1 ! 1
Eg (v) = oo = (4.1.40)
sA\; 25’
205 | L, Tl
q®qER(2A;,Z)

where the factor of 1/2((2s) compensates the sum over signed geds and the prime
over the sum indicates that we don’t include ¢ = 0. These series are called maxi-
mal parabolic Eisenstein series because they associated to some maximal parabolic

subgroup. Their domain of absolute convergence is Re s > &X"}f)) and we have both
ES > 0and AES . >0for s> << 1}f> We define the critical strip as 0 < s < <<A “/(’>>

One can show that in the critical strip the Eisenstein series is integrable. In particular
we have

0:/ duAES, =25 (s(As A) — (Az,p>)/ QuES, . (4.141)
K\G/G(Z) K\G/G(Z)

Therefore if the eigenvalue of the Laplacian isn’t zero then the sign of ESGAl cannot be
constant. We end by stating without proof that for any group GG and any fundamental
weight A; we have EF, (v) = 0.

2 T

SL(n) maximal parabolic Eisenstein series Let us now look at the particular
case when G = SL(n) which will be relevant to us. In this case K = SO(n). Let
g be a vector in the representation R(A;), the standard SO(n)-invariant norm of
the representation R(A;) is given by ||¢||*= ¢*q. Therefore the maximal parabolic
Eisenstein series for SL(n) is given by

1 1

M)y =—— — (4.1.42)
SN\ TyT s
20(2s) | fx g (d70Tvq)

qRqER(2A;,Z)

The domain of absolute convergence is Res > 7 and the function admits a mero-

morphic continuation to s € C with a single pole at s = . Since for SL(n) the

representations R(A;) and R(A,_;) are dual to each other we can relate their Eisen-

stein series.” Indeed let v be in the representation R(A;), its dual element in R(A,,_;)

1T

will be given by v~ . Since the two representations are dual, we have

5In this thesis we use the Bourbaki labelling of Dynkin diagrams such that the exceptional node
of the ¢, family is As and the Weyl spinor nodes of the 9,, family are A,,_; and A,,.
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SL(n 1 1
ES"(v) = 20(28) > T

20(25) qER(An—; Z) (¢"vtv1g)®
q®qER(2An—i,Z)
- i T 11 T B 1T, (4.1.43)
2¢(2s) JER(A ) (qTv—lv=1"q)®

q®qER(2A;,Z)

The fundamental and antifundamental series associated to the weights A; and A,,_;
respectively are also related by the Langlands functional relation (4.1.33) such that

B () = %Efﬁ"i A, (V) (4.1.44)

They follow the Laplace equation

n 2(n—1 n n
AESE(w) = 2 (1) BB ),

n 2
SL(n 2(” - ]-) n SL(n
ABNY () = s (s — 5 ) EA ). (4.1.45)
Using the functional relation (4.1.44) one can see that the functions AESSAL1 ™ and
AES@@ are regular at s = 7 and the limit gives the differential equations
In—-1
AEK () = 2
In—-1
AERN™ (v) = = . 4.1.46
5/\”,1(?‘]) 2 g(n) ( )

The Eisenstein series associated to the weights Ay and A, _» are also related by
the Langlands functional relation (4.1.33) as

. —28)e(n—25 — 1) _spm
ES (v) = o 5(2327;8 — 18) )Eff(siAn_Q(v). (4.1.47)

They follow the Laplace equation

AESEO(w) = 20 (T gy,

n 2
4(n —2
MBSO ) = M2 () s ). (4149



SL(n)

Using the functional relation (4.1.47) one can see that the functions AE; ™ and
AEfALﬁg are regular at s = 7 and the limit gives the differential equation
-2
AEYEM () = En—,
i (V)= 50— Dew)
-2
AESE™ (=T T2 (4.1.49
2 = G g - Dew) )

In general the Eisenstein series associated to the weights A and A,,_j are also related
by the Langlands functional relation (4.1.33) as

SL(n) Hén—25—0)\ o n)
B () = 11 S praral RIESANNO (4.1.50)

Epstein series Let us now look at a few maximal parabolic Eisenstein series for the
fundamental representation Ay, we will call these minimal Eisenstein series. For G =
S L(n) notice that the symmetric space SO(n)\SL(n,R) is isomorphic to the space of
symmetric positive definite unimodular real matrices Hg = {H € Mat(n,R) | HT =
H,det H =1, H > 0} where the isomorphism is given by H = vv with v is in the
fundamental representation R(A;) of SL(n). We can use this to write the fundamental
maximal parabolic Eisenstein series as

/

SL(n) 1 1
B (H) = 5555 QEXZ: I (4.1.51)

where H|q] = ¢" Hq is the standard SO(n) invariant bilinear form. We have also
used the fact that for ¢ € R(Aq,7Z) = Z" the condition ¢ ® ¢ € R(2A1,Z) is trivially
satisfied.

In the case where G = O(n,n) we have K = O(n) x O(n). We can use the fact
that the symmetric space O(n) x O(n)\O(n,n,R) is isomorphic to the space of real
matrices whose symmetric part is positive definite H = {G + B € Mat(n,R) | GT =
G, BT = —B, G > 0}. Also notice that for ¢ € R(Ay,Z) = II,, the condition
q®q € R(2A41,7Z) is equivalent to ¢ being light-like. We can use this to write the first
maximal parabolic Eisenstein as

1 ! 1
ESOMm (G B) = > 4.1.52
o (G B) 20(2s) 4~ Haplgl ( )
(4,9)=0
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where Hg glq] is defined as in (3.5.13) and (g, ¢) is defined as in (3.5.15). The domain
of absolute convergence is Res > n — 1 and the function admits a meromorphic
continuation of to s € C. It satisfies the Laplace equation

AEfﬁ(n’n) (v) =2s(s—n+1) Efﬁ(n’n)(v) : (4.1.53)

In the case where G = Sp(2n) we have K = U(n). We know that U(n)\Sp(2n,R)
is isomorphic to the Siegel upper half plane H, and the first maximal parabolic
Eisenstein series is given by

1 ! 1
EPC () = — 4.1.54
sA1 ( ) 2((25) ;ﬂ HQ [q]s ? ( )

where Hg|q| is defined as in (3.5.7). The domain of absolute convergence is Re s > %44

and the function admits a meromorphic continuation of to s € C. It satisfies the
Laplace equation

1
AEffl(Qn) (v) = ns (s — n—21— ) Effl(%) (v). (4.1.55)

For n = 1 we have Sp(2,R) = SL(2) and we can give the SL(2) Eisenstein series in
the more familiar form

ImT
ESI®) (7 4.1.56
shi ¢(2s) Z ]m +7nl? ( )

This is sometimes called the real analytic Eisenstein series or non holomorphic Eisen-
stein series and it is a modular form. We can think of these functions as a generali-
sation of the Riemann zeta function, we define the Epstein zeta function or Epstein
series as Epl = 2((2s)ES,, [143]. We can see that EpStW(H) = 2¢(2s).

We end this section by showing an interesting relation. We can easily see that for
Res > 0 and a # 0 we have

“dt . 1 [ r
/ et =— dr ° e ™ = (—S), (4.1.57)
0

s+1 s
A a® J, a

where we have performed the change of variable ¢ = a/x and recognised the expression
for the Euler Gamma function. We can us this to express the sum (4.1.52) in the
domain of absolute convergence as an integral
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SO(n,n) - dt —*H lq]
ESAl (G B) qeﬂ ts+1 G,B
00 /
/ dl / dtl — % Hg,Blgl+inl (¢,9)
tst+
T %) )y eﬂw
/ d T (Im’/') (ImT i 6—7rIm7-HG Blg]+ir ReT (q, q)
mT 2
25( s) I%{BTEU% (Im ) el

(4.1.58)

where we performed the change of variable [ = Re7 and ¢t = 1/Im7. We can then
notice that the domain of integration is made up of several copies of F; by the action
elements of SL(2,Z) where F; is defined as in (3.3.8). Specifically we have

{reCllm7>0, Re7|<1/2}= ] 77, (4.1.59)
veT\SL(2,Z)
where T" is the subgroup of SL(2,7Z) made up of upper diagonal elements. We can

therefore fold the domain of integration to F; at the cost of introducing a sum over
M\SL(2,7Z)

1 dQT n—2
EY"M(G, B) = / > (Imrly) =Y
SN Y 2 Y H’n,n

_ ! / Fr_poy pste (4.1.60)
26(25) J7, (Im7)2 " Trn ™ (s=252) A0 h

where in the first line we have introduced the Narain partition function (3.5.16) and
used the fact that it and the measure are invariant under the action of SL(2,Z).
The resulting formally diverging integral is understood to be regularised with the
regularisation prescription amounting to exclude the term ¢ = 0 from the sum in the
Narain partition function. In the next line we have used the fact that upper diagonal
elements form the Borel subgroup of SL(2,7Z) and we have therefore recognised the
expression for the SL(2) Eisenstein series in Sp(2,R) form (4.1.56). This is called a
theta lift and the operation on the right had side of (4.1.60) is called the Rankin-
Selberg transform of the Narain partition function. One can find a generalisation
of this relation to SO(n,n) Eisenstein series of fundamental weights associated with
antisymmetric powers of the fundamental representation in appendix B of [144]. In
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SL(2)

this case the E( 2)a Eisenstein series appearing in the theta lift generalises to
2 1

Sp(2n)
E(sf’l*’;*l)/\n‘

We have a similar relation for the symplectic series. Indeed we can rewrite (4.1.54)
in the domain of absolute convergence as an integral

/

Sp(2n > dt _E o dt _ T
Esff )(Q) ts+1 ¢ Hald ts+1 € ¢ Hold
Z2n qEZQTL
1 n
— —GIGe —mG Hald] 4.1.61
26(2s) L>0 o ; ‘ ( )
q n

where we have made the change of variable t = 1/G. We can then notice that the
domain of integration is made up of two copies of the domain {G > 1} related by the
action G' = 1/G. Specifically we have

{G>0}={G>1}uU{1/G" > 1}. (4.1.62)
Therefore we can write
Sp(2n 377 n_g n
ES/{)l( ) 2l G G2 ) 111)1
G>1
E7O0Y (4.1.63)

25( ) Joor Grﬂm (s—2)n

where in the first line we have recognised the Lagrangian form of the Narain par-
tition function (3.5.10) and used the fact that it and the measure are invariant un-
der the action G’ = 1/G of SO(1,1,Z). As previously we understand the formally
diverging integral to be regularised with the regularisation prescription amounting
to exclude the term ¢ = 0 from the sum in the Narain partition function. In
the next line we have recognised the expression for the SO(1,1) Eisenstein series
(4.1.82) (where there are no non constant Fourier terms for n = 1). If we notice
that the domain of integration {G > 1} can be thought of as a representative of
(SO(1) x SO(1))\SO(1,1)/SO(1,1,Z) we can see that this is a somewhat trivial
example of theta lift but which can also be generalised to more general Eisenstein
series [145].
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4.1.2 Parabolic Fourier expansion

Let G be a connected semi-simple Lie group and let K be a maximal compact sub-
group. Let f: K\G — C be some smooth function over the symmetric space K\G
that is invariant under the right action of G(Z). Let P, be a parabolic subgroup
of G, by the Iwasawa decomposition for any element v € K\G we can find a coset
representative v ~ p with p € Py, therefore we can see f as a function on P,. Let
Lx and Uy be the Levi factor and unipotent radical of Py, by the Levi decomposi-
tion we can write p = le® with [ € Ly and a € ny the Lie algebra of Uy. Let us
now suppose that the unipotent radical is abelian. Since our function is invariant
under the right action of G(Z) then it is also invariant under the right action of its
subgroup Uy (Z). Hence our function is invariant under the generalised translation
f(le®e™) = f(le™™) = f(le®) for all n € ny(Z). Therefore f can be expanded into a
convergent Fourier series in this variable

fle®y = " fyherma@, (4.1.64)
geny (2)
with
f() = / da e ?™1@ f(1e) . (4.1.65)
np/na(2)

This generalised Fourier expansion allows us to restrict the analysis from a function
on K\G to functions on L. This procedure can also be extended to the case where
the unipotent radical U, is non abelian but it is more complicated. Let us compute
these Fourier expansions for some Eisenstein series.

Minimal Eisenstein series Let G = SL(n), we consider the maximal parabolic
subgroup P associated to the fundamental weight Ay, it is given by

P, = (GL(1) x SL(k) x SL(n — k)) x (R* @ R"™*) . (4.1.66)

Therefore we have the Levi subgroup Ly = GL(1) x SL(k) x SL(n — k) with abelian
factor Ay, = GL(1) and semi-simple factor My, = SL(k)x SL(n—k) and the unipotent
radical is given by U, = R¥ @ R"*_ it is indeed abelian therefore we can perform the
Fourier expansion. We can decompose

Hn [Qn] = Tk_nHk [qk + :Ek,n—kqn—k:] + Tan—k’[qn—k] 3 (4167)

where r, Hy,, H,_, and zy ,,_j, parametrise H,, and ¢, = (qx, ¢n—r)". We have r € R* °
Hy € SO(]{?)\SL(]{?,R), H, \ € SO(n—k:)\SL(n—k,]R), Thp—k € R’“@R”‘k, qr € ZF

Note that we can see R as the symmetric space O(1)\GL(1) = Z;\GL(1) = GL*(1)
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and ¢,_j, € Z"*. In matrix notation this corresponds to a decomposition

Ty 0 Iy Tk

Therefore using (4.1.57) we can rewrite (4.1.51) as

. ' /
E:;\Ll(n)(Hn) = 2£<12 ) / tdfl Z Z e_%(Tk_nHk[Qk‘i‘xk,nfkq'nfk]"r'f“an—k[(Infk]) )
s) Jo s

9k €z In—k €zn—F

(4.1.69)

We can evaluate the Fourier decomposition by performing a Poisson resummation

SL(n) _ (n—k)s ;nSL(k) 5(28 B k) k(2—s) pSL(n—k)
ESA1 (Hn) =T ESA1 (Hk) + 6(23) r (2 )E(S—%)Al (H’I’L—k)
2 ! k T(%fk)s+% n .
+ oY () e Ky (emrE 2D
£(2s) s, do 1Z(D)P~3 5

ezZn—kgzk  dp|D
rank(Fn_qu):l

(4.1.70)

where K are modified Bessel functions of the second kind. We have defined | Z(T)|*=
Tr(Hn_an_k,kH,glfgfk,k), I'(z) = Tr(T)—kkTkn—r) and the condition that di|I" is
that there exists p,_r € Z"* such that Lok = pn_kd;‘f. Note that for £k = 1 we
have

d d* T =0y (T). (4.1.71)
deZ
[T’

Hence in this case the parabolic decomposition is given by

n “1)s 28 -1 n_g n—
E;g/i( )(Hn) :T(n 1 + —5( )7"2 ESL(1 1)(Hn—1)

€ | Db
2 ! r(z=Dstg )
+ 25—1 K, 1(2mr2 |Z(F)|)e2mr(m)
§(2s rn_gn—l 12"
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For the special case of SL(2) the identification between the upper complex half plane
Hy = {7 € C| Im7 > 0} and the space of symmetric positive definite unimodular
2 x 2 matrices Hg = {Hy € Mat(2,R) | H] = H,, det Hy = 1, Hy > 0} is given by

1 1 Rer\ ((Im7)™* 0 1 Rer|
T%HZ_E(ReT |7’|2>_< 0 7)o 1 |~ H (4.1.73)

Therefore we can use (4.1.72) to give the parabolic decomposition of the real analytic
Eisenstein series in the Sp(2,R) form (4.1.56)

§(2s—1)
( )

(Im )2 ,
Z m—T)fKS_;(% Tm 7|T))e2 T Re™ | (4.1.74)
2 2

I‘

ESSP(r) = (Im7)* + (Im7)"*

We can also give the parabolic decomposition of the antifundamental series associated
to the fundamental weight A, _; on some maximal parabolic subgroup P, associated
to some fundamental weight Ay

n n— 2s —=n+k) (_p(n_s
B (H,) = v B (1, )+ SR o (5) ., (1)

sAn_1 sAp_p—1 5(28) (s_”T—k B
2 N S . |
+ Z Z (Hn k[dk]s—7> K. (273 | Z(D)])e* @
5(28) T k,k d, keZ’n k |Z(F)|S_T 3
</ ’V@Zk dp_x|T
rank(I'y,_j 1 )=1
(4.1.75)
For kK = 1 we have
2s — 1 .
BV (Hy) = BSIY (H,) + Mr(n—n(g—s)
" £(2s)
2 / r(I*%)Hn(nT_l) ) |
+ O‘n—l—QS(F>—n,K37L—1 (277'7"5 |Z(1") |)627rzF(x) '
5(28 r, %n 1 |Z(I’)|Tl—s )
(4.1.76)

Let us now look at the case G = SO(n,n), we consider the maximal parabolic
subgroup P, associated to the fundamental weight A,,, it is given by
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= (GL(1) x SL(n)) x A\*R". (4.1.77)

Therefore we have the Levi subgroup L,, = GL(1) x SL(n) with abelian factor A, =
GL(1) and semi-simple factor M,, = SL(n) and the unipotent radical is given by
U, = A*R" which is indeed abelian therefore we can perform the Fourier expansion.
We can decompose

and

(q2n7 QQn) = QQn *Pn, (4179)

where rH, = G, and ¢z, = (¢n,pn)’. We have r € R%, H, € SO(n)\SL(n,R),
B, € N°R™ and ¢, p, € Z". In matrix notation this corresponds to a decomposition

rHY 0\ [, B,
o= (7 0Y [ 2] 150

Therefore we can rewrite (4.1.58) as

/

> dt

ts—l—l
2 Qn,Pn EZ”

ES/? n n (Gn B 6_%(TﬁlHrjl[Qn‘i‘Bnpn]"FTHn[Pn])"FQﬂ'iZQn'pn
SN ) :

(4.1.81)

We can evaluate the Fourier decomposition by performing a Poisson resummation
and a theta lift unfolding

SO(n,n) — s SL(n) 5(28—n+1) n—1—s SL(n)
ESA1 (Gn7B ) ESAn,1 (Hn) + 5(28) r E( _72)/\1 (H )

!/ n—1

2 on—1-2s(I') _sr(2) T2 2mil(B
+en —— B s, (Ur) K o1 (27| Z (D))
§(2s) % ged() ™" = 3OM T 7))

I'AT=0

(4.1.82)
where we have defined |Z(I')|?*= §Tr(H,[,H,I'?) and I'(B) = L Tr(I',B,). The

condition I' AT" = 0 means that I',, is of rank 1 and Ur is the SL(2) subgroup of the
stabiliser of I". For the value s = ”772 this expression simplifies drastically to
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B0 (g B = r" T ESEY (1, LI
sy (G B =r Buy ) Gy
+ 1 2/: o1(T) r'z o~ 2771 Z(D)| 2mil(B)
-2, 22 ")
I'AT=0
(4.1.83)
This can be understood from the Langlands functional identity
SO(n,n 5(2) SO(n,n 5(2) SO(n,n
Bz (v) = " (v) = BT (v) (4.1.84)

S gn-2) Cgn—2)
for n > 3. Which shows that this function can be realised in the vector representation
or in the Weyl spinor representations.

Next to minimal Eisenstein series We call next to minimal Eisenstein series
maximal parabolic Eisenstein series for the fundamental weight Ay. For G = SL(n)
note that we have R(As) ®gs R(A2) = R(2A3) & R(A,) where R(A4) represents the
wedge product. Therefore the condition q®q € R(2A;,Z) can be rewritten as gAg = 0.
Hence we have in the domain of absolute convergence

/

1 1
ESSL(”) (v) = —— —, (4.1.85)
Az 20(2s) %2 g (470T0g)°
q/\q:()

where v € R(A,) is in the representation associated to A;. We want to decompose
this series on the maximal parabolic P;. He have can decompose

qTUTUq = 7127an71[an1 + 355_1]77171] + T2Hn71 A anl[pnfl] ) (4186)

where r € R*, H,_; € SO(n —1)\SL(n — L,R), z,.1 € R" ™, ¢,-1 € Z" !, p,_y €
A?Z"' and we have (v Av)qi A i = vq1 A vga. Therefore using (4.1.57) we can
rewrite (4.1.85) as

1 < dt
ESL(n) _ /
a5 Jy w0

/ /
Z Z 67%(TQ_nH”_l[q”—l+x£—1pn—1]+T2Hn—1/\Hn—1[p”_l]) . (4187)

dn—1 GZn71 pnfle/\QZnil
Pn—1Aqn—1=0
Pn—1APn—1=0
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We can evaluate the Fourier decomposition by performing a Poisson resummation
and an auxiliary theta lift unfolding

SL(n n—2)s SL(n—1 £(2s —2) n—2s pSL(n—1
EsAQ( )(Un) — p(n=2) EsAl( )(anl) + W 2 E(s,(,)A)(Un )
2 ! \ F n (n—42)s+n B '
022 ( ) SL 2%[]{*)%[(‘;71(27‘7’5 ‘Z(F)DeQﬂ'zF(a:) ’

+
§(28) | T ged(D)im U2 DM T gy

(4.1.88)

where Ur is the representative of SL(n — 2) in the Levi stabilizer of I'. We can also
give the parabolic decomposition of the anti next to minimal series associated to the
fundamental weight A,,_5 on the maximal parabolic subgroup P;

SL(n)( \ _ 2 2SL(n—1) §(2s —n+2) (o 9)n_s) [SLn-1)
EsAn,Q(UTL) =T EsAn ( n 1) 5(28) r E(s—i)An,Q(Un_1>

! (=9 (F-o)in

2 Tn—2-2s(I') ESL(n—2) r 2 N -
+ —  ___1-2s (UF) — K _sz(27rr2 |Z(F)|)6 il (z) '
5(28) Pnyezn=t ng(F) -2 ( z)A" 3 |Z(F)|n732 2

(4.1.89)

All of the Fourier expansions above are absolutely convergent and in fact they are the
basis on which to obtain the meromorphic continuations of the respective Eisenstein
series.

4.2 U duality

As we have seen before U duality is an infinite discrete non perturbative symmetry
obeyed by string theory. It is an extension of the strong-weak S-duality which includes
T-duality. S-duality itself has its origins in the famous electromagnetic duality. We
find enlightening to first review the electromagnetic duality.

Electromagnetic duality S-duality first arose in abelian gauge theory. In this
case the duality isn’t necessarily visible at the action level, it is a duality of the
equations of motion. We will see that at the quantum level the duality swaps electri-
cally charged objects with magnetically charged objects. The action for pure p-form
electromagnetism is given by

1
S = _2_62 /Fp+1 /\*Ferla (421)
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where F,1; = dA,. This theory is dual to d — p — 2-form electromagnetism whose
action is given by

o (1

Com?

‘/quAﬂl%h (4.2.2)

where Fd,p,l = dfld,p,Q and where s is the parity of the signature of the metric.
The two theories seem to be related by the transformation Fy_, ;1 +— —i—’; * Fpiq,
m <— 2?” (we will explain later why we chose these specific factors), however this

does not relate the two gauge fields A, and Ad_p_g directly and so it is not clear
that extremising the action will give the same theory. Let us therefore look at the
equations of motion.

The equations of motion and Bianchi identity for p-form electromagnetism are
respectively

d*Fp+1 = O, de+1 == 0 . (423)

While the equations of motion and Bianchi identity for d—p—2-form electromagnetism
are respectively

(=1)*d%Fy_p 1 =0, dF; ,,=0. (4.2.4)

Therefore the two theories are indeed related by the transformation

~ 2w
Fd—p—l — —g *Fp-i-l s
2
m— —. (4.2.5)

This a Zs duality. We see that the coupling constant is mapped to its inverse therefore
this is indeed an example of a strong-weak duality. This is called the electromagnetic
duality because it exchanges electric and magnetic charges. Indeed in d — p — 2-form
electromagnetism electric and magnetic charges are defined respectively as

1

q = - *Fp+1 s g = / Fp+1 . (426)
(& Sd—p—1 Sp+1

While in d — p — 2-form electromagnetism electric and magnetic charges are defined
respectively as

1

j— — *xEy g = Fypq. 4.2.7
=3 o d—p—1 g /Sd_p_ldpl ( )
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Therefore we find that the duality maps

Sy (1)) d—p-1)+s I
q (=1) 5
g +— —2mq. (4.2.8)

As we have seen, in string theory it is postulated that there are quantum objects called
p — 1-branes which couple electrically to p-form gauge potentials and d — p — 3-branes
which couple magnetically to the same p-form gauge potentials. Quantum consistency
conditions related to the existence of Wilson lines imply that their electric and mag-
netic charges have to obey the Dirac quantization relation gg € 277, this is preserved
by the duality. More precisely their electric charges are given by weights of the U(1)
algebra Aeignt(1(1)) ~ Z while their magnetic charges are given by co-roots of the
U(1) algebra 2mAcoroot (1(1)) ~ 27Z. We have chosen the specific coefficients in the
duality transformation to preserve this charge lattice even though it is irrelevant at
the classical level. Therefore electromagnetic duality maps electrically charged fun-
damental p—1-branes to magnetically charged solitonic d—p—3-branes and vice versa.

Notice that for even dimensions d = 2k we have that (k—1)-form electromagnetism
is dual to the same theory with a different coupling. In such a theory (k — 2)-branes
can have both electric and magnetic charge, they are called dyons. It is easy to see
that duality maps dyonic charges as

(g) — (_(__1%;:;3%) . (4.2.9)

For m = e = /27 the theory is actually dual to itself. This is a Z,; symmetry (in
d = 4 dimensions this can be enhanced to an SO(2) symmetry for the classical theory).

Four dimensional theta electromagnetism Let us work in Lorentzian signature.
We have seen that in d = 4 dimensions 1-form electromagnetism is dual to itself. We
can actually enhance this Z, duality to a full SL(2,R) group of dualities. We start
by adding the so-called theta term to the action

1 0
S=— — S ANXxFy+ —I AN Fy |, 4.2.10
[(femnnedonns). o
where 6 is sometimes called an axion, we suppose that it is non constant otherwise
the term would be a topological invariant and would not contribute to the equations
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of motion. The new equations of motion and Bianchi identity are given respectively

by

e2

We can see that if 0 is constant then the equations of motion are indeed unchanged
by the theta term. Let us define Gy = i—g * Fy + %FQ, the equations of motion can
be rewritten as dGy = 0 and dFy = 0. Let us also define 7 = % + % We can show
that the following transformation leaves the equations of motion invariant

ar +b
cr+d’

(522) > <f 2>T (522) : (4.2.12)

for ad—bc = 1. Hence F; and G5 transform in the transpose doublet representation of
SL(2,R) and 7 transforms under non linear Mdbius transformation. It is important
to perform these two transformations simultaneously because G5 is not independent
of 7 and only the combined transformation leaves the equations of motion invariant.
Notice that for 8 = 0 the transformation with a = d = 0, b = —c¢ = 1 reproduces
exactly the usual electromagnetic duality. Let us show the duality more explicitly
by rewriting the equations of motion in a manifestly SL(2,R) invariant way. Let us
write

e [1 A )2
H=— , 2, F=(22). 4.2.13
o (i 4%+%) - (G2) (42.13)

2m
We can check that we have HQJF, = xF5 where () is the standard symplectic matrix

0= 0 1 ) 4.2.14
() sz

Notice that since SL(2,R) = Sp(2,R) we have AQAT = Q for all A € SL(2,R). The
equations of motion can be written as dF,; = 0 which is manifestly invariant under
the transformation

.FQ — AT.FZ s
H <+ ATHA, (4.2.15)
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for all A € SL(2,R). Note that this is only a symmetry of the equations of motion
and not of the action. In the presence of the theta term the electric and magnetic
charges are defined respectively as

1 0 1
= —xF+ —F | =— G = F;. 4.2.16
1 /52 (62 R + 471'2 2) 21 /52 2 g /52 2 ( )

Therefore we see that that 2mg and g transform as a doublet of SL(2,R)

(279“1) N (Ccl 2>T (ng) : (4.2.17)

In the quantum theory it is postulated that there are particles which couple to
the gauge potential. Since we are in a self dual theory we have dyons, in this case
they are O-branes, i.e. particles. They are mixed together by the SL(2,R) duality.
The electric and magnetic charges for any two dyons have to obey the Schwinger-
Zwanzinger quantization relation p;gs — pagi € 277, this is preserved by the SL(2,R)
duality. Furthermore one can show that their electric charges are given by weights of
the U(1) algebra Aeight(u(1)) =~ Z while their magnetic charges are given by co-roots
of the U(1) algebra 2mAcoroot(W(1)) =~ 27Z. This shows that in the quantum theory
the duality group is actually broken down to SL(2,Z). For the complexified field 7
the generators of the SL(2,Z) duality are 7 +— 7+ 1 and 7 +— —2. This last
transformation at 6 = 0 is precisely the usual electromagnetic duality transformation
of electromagnetism. In general any non trivial transformation (4.2.12) with ¢ # 0
represents a strong weak duality and should be considered non perturbative.

For any theory of the form

1 1
S:—Z/Q%J—gOmmﬁ@FW+amﬂ§me@ﬂQ, (4.2.18)

one can check that the symmetric gauge invariant stress energy tensor of the theory
is given by

1
TW:ﬂmﬂ<WUﬂ—Z¢W@W0. (4.2.19)

In the presence of gravity this is the source of the gravitational field. Therefore it
is important that the energy density T be positive which requires that (Im7) > 0.
This is preserved by the SL(2,R) transformation (4.2.12). Hence 7 must be in the
upper complex half plane H; = SO(2)\SL(2,R).
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Type IIB supergravity Let us now go back to string theory. S-duality also plays
an important role here. We illustrate this with the prototypical example of type 11B
string theory. Actually this duality can also be seen at the level of the supergravity
limit. Therefore we focus on the case of type IIB supergravity where the duality is
actually visible at the level of the action. We will see that at the quantum level the
duality swaps objects which are charged under different gauge potentials. However
unlike electromagnetic duality it doesn’t swap electrically and magnetically charged
objects. The gauge sector of type IIB supergravity is given in Einstein frame by

1 1 1 1 1 . - - 1~ ~
:@/ (—§d¢ /\*d¢ - §€_¢H3 /\*Hg — 5@2¢F1 /\*Fl — §6¢F3 /\*Fg — Z_lF5 A F5>
1
—— [ C4y NH3 N\ F: 4.2.20
4%2/ 4 3 35 ( )

where H3 = dBQ, F1 = dCQ, F3 = dCQ, F5 = dC4, Fg = F3 - C()Hg and F’5 =
F5 — %Cg A Hsz + %Bg A F3. One also has to impose as a constraint the self duality
condition

Fy = xF5. (4.2.21)

The moduli fields of type IIB supergravity/string theory are the dilaton ¢ and the
axion Cy. One can see that if Cy = 0 then type IIB supergravity is dual to itself
under the transformation’

gb A _¢7
By ¢ —Cs, (4.2.22)
C4 — 04 .

Since e? is interpreted again as the coupling constant of the theory this is also a strong
weak duality. In type IIB string theory, it is postulated that there exists a 1-brane
called the D-string that couples electrically to the gauge potential Cy and a 5-brane
called the D5-brane that couples magnetically to Cs. It is also postulated that there
exists a 1-brane called the fundamental string that couples electrically to the gauge
potential B, and a 5-brane called the NS5-brane that couples magnetically. This
duality maps the perturbative fundamental string to the non perturbative D-string
and the NS5-branes to the D5-brane [67]. Actually there even exist 1-branes that are

“Note that these transformations are only valid in Einstein frame. Indeed, since the string frame
and Einstein frame metrics are related by a Weyl rescaling involving the dilaton, at most only one
of them can be invariant under S-duality, this is the Einstein frame metric.
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charged electrically under both under Cy and Bs, they are called (p, q)-strings and
they generalise D-strings and fundamental strings. Similarly there are 5-branes that
are charged magnetically under both under Cy and Bs, they are called (p, ¢)-5-branes
and they generalise D5-branes and NS5-branes. S-duality maps (p, ¢)-strings to (g, p)-
strings and (p, ¢)-5-branes to (g, p)-5-branes. This a Zy symmetry. If we define the
axio-dilaton 7 = Cj + ie~% one can show that the duality extends to a full SL(2,R)
symmetry where By and C5 transform as a doublet, C; transforms as a singlet and
the axio-dilaton transforms under non linear Mobius transformation

at +b
cr+d’

B, d b\ (B,
(2) e (1 1Y (2), 29
C4<—>C4.

Let us show the duality more explicitly by rewriting the action in a manifestly
SL(2,R) invariant way. Let us write

1 C() B2
H =t (CO 002+62¢) . B = (02) , (4.2.24)

then the action can be written as

1 1 _ 1 _ 1o -
=3 (Z Tr(dH " AxdH) — §H3T AxH "My — 75 A F5>
1

AL HI A QM (4.2.25)

where Hs = dB,, Fy = Fs + %Bg A QHz and Q is the standard symplectic matrix.
This is manifestly invariant under the transformation

BQ — ATBQ ,
H<+— ATHA, (4.2.26)
04 — 04,

for all A € SL(2,R). The self duality condition is also SL(2,R) invariant.
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This duality mixes (p,q)-strings together and it mixes (p,q)-5-branes together

such that .
(7;) — (‘CZ Z) (g) . (4.2.27)

Again electrically charged branes are mixed together while magnetically charged
branes are mixed together, unlike the electromagnetic duality. In string theory the
charges p and ¢ have to be integers, this breaks down the duality to SL(2,7Z) which
is the U-duality group of type IIB string theory. For the axio-dilaton the generators
of U-duality are 7 +— 7 + 1 and 7 <— —1. This last transformation at Cy = 0 is

precisely the S-duality transformation.

U-duality actually generalises to all maximally supersymmetric string theories.
As we have seen before the moduli fields of string and supergravity theories with
more than 1/4th maximal supersymmetry parametrise a symmetric space K\G. Fur-
thermore, if the only massless supermultiplet is a gravitational multiplet K is the
R-symmetry group (if there are other massless matter multiplets the R-symmetry
group will be a factor of K'). This is the case for maximal supersymmetry. For a
D = 11 — d dimensional maximally supersymmetric theory, which we can see as type
ITA or type IIB string theory/supergravity compactified on a torus 79! or alterna-
tively as M-theory/eleven dimensional supergravity compactified on a torus T we
have G = Eyq) [146] where 4 is the Lie group associated to the split real form of
the exceptional Lie algebra e; of rank d (for d < 8) where we have assumed that we
have continued the exceptional series for d < 6 by starting from the Dynkin diagram
of eg and defining successively the Lie algebra e, from e, by deleting the node A, 1,
see figure 4.1.

()
O—0—0—0——0—0
Ay Aj Ay As A Mg
Figure 4.1: Dynkin diagram of e .

The D = 11 — d dimensional maximal supergravity theory then has a global L)
symmetry which acts on the gauge and moduli fields such that the moduli fields
don’t appear in the gravitational amplitudes. But just like for the type I1IB case the
symmetry is broken down in the string theory to the discrete group Egq)(Z) which
can be defined as the set of matrices in the representation R(A,) that are integer
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valued in the Chevalley basis (for d < 7). This is the U duality group. U duality was
anticipated in [147] and is still conjectural but there is now overwhelming evidence
of its validity, see [148] for a review. The relevant groups are given explicitly in the
following table 4.1.

Dimension G K G(Z)

10A GL(1,R) 1 1

10B SL(2,R) SO(2) SL(2,7)
9 GL(2,R) SO(2) SL(2,7)
8 SL(3,R) x SL(2,R) | SO(3) x SO2) | SL(3,Z) x SL(2,Z)
7 SL(5,R) SO(5) SL(5,2)
6 SO(5,5,R) SO(5) x SO(5) SO(5,5,7)
5 Eg()(R) Sp(4) Ee6)(Z)
4 Ern)(R) SU(8) Err)(Z)
3 Eys)(R) Spin(16) Ees)(2)

Table 4.1: Duality group G and R-symmetry group K of maximal supergravity in
D = 11 — d dimensions. The moduli space parametrised by the axion dilaton fields
is given by K'\G. In string theory the U duality group is broken down to G(Z).

U-duality can be interpreted in several ways according to different degeneration
limits. The maximal parabolic subgroups P, P, and Py of the group Eyq4) are all of
the form

with Levi subgroup L; = GL(1) x M;, abelian factor A; = GL(1), semi-simple factor
M; and unipotent radical U;. M; is a semi-simple group of rank d — 1 corresponding
to the non compact form of the Lie algebra e; where the node A; is deleted, see figure
4.2. If we use the Iwasawa decomposition to identify K\G ~ P; then when we take
the moduli field associated to the abelian factor A; = GL(1) to some cusp of the
moduli space one can show that the moduli space locally looks like K;\ M; where K;
is the maximal compact subgroup of M; and the U-duality group reduces to M;(Z).
We distinguish three cases:
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1. For the maximal parabolic subgroup P, associated to the fundamental weight A,
the semi-simple factor is My = Eq4_1(4—1). This corresponds to taking the limit
of large value R — oo for the dilaton corresponding to the radius of the circle
S1 associated with the compactification from 11 — d + 1 dimensions to 11 — d.
Therefore this degeneration limit corresponds to the limit of decompactification
from D to D +1 dimensions. K4\Ey_1(4-1) and Eg_1(4-1)(Z) simply correspond
to the moduli space and U-duality group of string theory in D = 11 —d + 1
dimensions.

2. For the maximal parabolic subgroup P; associated to the fundamental weight
A; the semi-simple factor is M; = SO(d —1,d —1). This corresponds to taking
the limit of large value 1/gs — oo for the inverse of the dilaton corresponding
to the string coupling. Therefore this degeneration limit corresponds to the
limit of perturbative string theory. SO(d — 1) x SO(d — 1)\SO(d — 1,d — 1)
and SO(d — 1,d — 1,7Z) simply correspond to the Narain moduli space and the
T-duality group of perturbative string theory compactified on a torus 791.%

3. For the maximal parabolic subgroup P, associated to the fundamental weight
A5 the semi-simple factor is My = SL(d). This corresponds to taking the limit
of large value V' — oo for the dilaton corresponding to the volume of the torus
T? associated with the compactification from D = 11 dimensions to D = 11 —d.
Therefore this degeneration limit corresponds to the limit of decompactification
from D to 11 dimensions. SO(d)\SL(d) and SL(d,Z) simply correspond to the
moduli space and the group of large diffeomorphisms of the torus 7.

Therefore we can interpret the U-duality group as being generated from the global
diffeomorphisms of the torus in eleven dimensions and the T-duality group.

The unipotent factor U;(Z) corresponds to symmetries of solitonic objects which
cannot be seen as internal symmetries in the degeneration limit either because they
are unwrapped or because they cannot be seen in the perturbative limit. These
are: black holes and Taub-Nuts for the decompactification limit from D to D + 1
dimensions, Dp-branes and NS5-branes for the perturbative string theory limit and
M2 and M5 branes for the decompactification limit to 11 dimensions.

8The full T-duality group of perturbative string theory compactified on a torus is O(d—1,d—1,7Z)
but this includes a factor O(1,1,Z) = Zy X Zo which maps type IIA to type IIB string theory.
This is not a symmetry of the theory although it is a symmetry of the four-graviton scattering
amplitude up to two loops because they are identical in both theories. Nevertheless only the subgroup
SO(d—1,d - 1,7Z) is a symmetry of the effective action.
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f/\z Ay
0—O O——0 - =0—0
A Ay A A5 Ao As Ay A5 APERV
(i) (i)
A Ay Ay A A
(iii)
Figure 4.2: Dynkin diagrams corresponding to the three relevant degeneration limits.
(i) is obtained by deleting the Ay node from 4.1 and corresponds to the limit of
decompactification from D to D + 1 dimensions, (ii) is obtained by deleting the
A; node from 4.1 and corresponds to the limit of perturbative string theory, finally
(iii) is obtained by deleting the Ay node from 4.1 and corresponds to the limit of
decompactification from D to 11 dimensions. Note that the labelling of nodes is
inherited from the labelling of the ¢; Dynkin diagram and is not standard for the
algebra the resulting diagram represents.

4.3 Wilson couplings of maximally supersymmet-
ric string theory

As we have seen in section 3.5 the analytic contributions to the low energy limit
of maximally supersymmetric string amplitudes can be reproduced by higher order
terms in the effective field theory action. In Einstein frame these are given by

. 1 19
gstring __© /de\/__g (R—i— i (Z Zg’+6qg(p7q)v4p+6q7z4> + .. ) . (4.3.1)

2
2K 48 e

where we have performed the Weyl rescaling g,(f) = e‘ﬁ‘z’gfﬁ) to get to Einstein

frame and we have then restored the vacuum expectation value ¢q into the dilaton.
Therefore the Wilson coefficients £, ) are given by

_ 12+48p+12q

1248p+129 1 2
Epag)(p) =€ D2 ’ <C(p,Q) +egl) () + e4¢5((p’)q)€(gp) T ) ’ (4.3.2)

(p,q)e

where ¢ is the full dilaton including vacuum expectation value, ¢ designates the mod-

uli fields parametrising the symmetric space K\ FE11_pa1-p)y and where the ”...” in-
dicate further perturbative and non perturbative contributions.
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We know that the full effective action (4.3.1) must be invariant under the action
of the U-duality group E11-pai-py(Z). Since the Einstein frame metric is U-duality
invariant then the V4 +64R* factors are separately invariant, therefore the Wilson cou-
plings &) must also be invariant under the action of Ey1_p1-py(Z). Hence they
can be seen as well defined functions of K\ Ey1_pi1-p)y/Er1-pai1-py(Z). Furthermore
the effective action (4.3.1) must also be supersymmetric. One can show that invari-
ance under maximal supersymmetry imposes that the Wilson couplings &, q) satisfy
certain differential equations. Already we can see why automorphic forms are natural
candidates for Wilson couplings.

Calculating the full Wilson couplings from first principle would require knowing
the full perturbative expansion of the maximally supersymmetric string theory as
well as the non perturbative theory. This is clearly impossible. However the combi-
nation of maximal supersymmetry and U-duality is very constraining and in certain
cases it allows us to compute the Wilson coefficients exactly [47,73,96,149-164]. For
example the first three Wilson couplings £ ), 1,0y and &1y are protected by su-
persymmetry which implies that they only receive contributions from perturbative
string amplitudes up to finite order in string coupling [47,76]. &) only receives

perturbative contributions up to genus 1, i.e. 5((37)0)6 =0 for g > 1. &£ ) only receives
perturbative contributions up to genus 2, i.e. 8((19’)0)6 =0 for g > 2. And &) only re-

ceives perturbative contributions up to genus 3, i.e. 5((g )1)6 =0 for g > 3. In addition
supersymmetry implies that they satisfy the differential equations [48,51,165]

3(11 — D)(D — 8)

Ag(og) = D_ 29 5(0,0) + 67T5D,8 ,
5(12—-D)(D -7 2072

A& ) = ( D _)(2 )5(1,0) + 3 dp,7 + 7€0,0)0D6 , (4.3.3)
6(14 — D)(D —6

Mgy =2 ) _)(2 ) gom — (Eoo)”

55 85
+40¢(3)0p¢ + 35(070)(51)75 + %5(170)51)74 .

We can see that these equations indicate that the Wilson couplings are automorphic
forms, perhaps evaluated at some pole as indicated by the inhomogeneous Kronecker
delta terms. The non linear inhomogeneous term on the right hand side of A& )
may indicate that the corresponding Wilson coupling contains some term which is
not an automorphic form. We will only focus on the first two Wilson couplings &)
and &(1,0) which we will now find.
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4.3.1 10 dimensions: type IIB string theory

Let us find the first two Wilson couplings in D = 10 dimensions for type IIB string
theory. The moduli space is SO(2)\SL(2,R) and the U-duality group is SL(2,Z).
The moduli fields of type IIB string theory are the axion dilaton field 7 = Cy+ie™? €
Hy such that H, defined as in (4.1.73) is in the moduli space.

Minimal Wilson coupling In D = 10 dimensions the minimal Wilson coupling
satisfies the Laplace equation

3
A& = 15(0,0) : (4.3.4)

The only perturbative contribution to £ o) come from the genus 0 and genus 1 string
amplitudes

er _3 @
5(%,03 =€ 2(ZSC(O,O) + 62“:((&)0)E . (4.3.5)
Recall that for D = 10 dimensions we have c(g ) = 2¢(3) and S(%’)O)E = %7 therefore

the perturbative part of the Wilson coupling is given by

22 s
2

e

r _3
oy = 2¢(3)e 27 + (4.3.6)
Note that, because the amplitudes are the same up to two loops, this is also the
perturbative part of the Wilson coupling for type ITA string theory. Actually it turns

out that it is even the full non perturbative coupling for type ITA string theory.

Let us now consider the large Im 7 limit of the real analytic Eisenstein series
EfALl @) in the Sp(2,R) form (4.1.56). This is most easily computed using the Fourier
decomposition on the maximal parabolic subgroup P; (4.1.74) and using the fact that

the Bessel K function behaves asymptotically as 2(Im 7-)% Ks,%(27r ImT) ~ e~ ImT
we have
SL(2 s E(2s—1) .
EsAl( )(T) ~ (ImT) ‘l‘w(ImT)l . (437)
Therefore we can see that
Eoo = 2(B)E;,Y = Epy (4.3.8)

has the right degeneration limit for 1/g, = e™® = Im7 — oo and obeys the right
Laplace equation, see (4.1.45). This is the full non perturbative Wilson coupling [47].
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Therefore the constant terms in the Fourier expansion on the maximal parabolic sub-
group Py, which is associated with the perturbative string theory limit, correspond
to the perturbative contributions.

We can also give an interpretation to the non constant terms in the Fourier expan-
sion of the Wilson couplings in the perturbative string theory parabolic decomposi-
tion. Indeed type IIB string theory has D(—1)-branes which can be charged under the
R-R field Cy. These are non perturbative objects called D-instantons. One can show
using T-duality with type ITA string theory [47] that the action for a multiply-charged
D-instanton of charge I' is S = —27i(T'Cy + i|T'|e”?) which is equal to —2mi|T|7 for
positive charge I" and 27i|['|7 for negative charge I' (which is also called an anti-
instanton). Note that |I'| can be interpreted as the mass of the (anti)-instanton as it
is a BPS state. The degeneracy number of such D-instantons is given by the number
of partitions of I' into two integers, or in other words the number of divisors of I'.
Using the asymptotic expansion for the Bessel K function we can rewrite the Fourier
expansion of the Wilson coupling &) in the perturbative string theory parabolic
decomposition as

—34 272 [
€0,0)(Co, @) ~ 2¢(3)e 2" + 5 € (4.3.9)
K
)
+4 T 2 27rz (TCo+i|T|e~?) 1+ ( ) 2 '
W§| o Z an[T[) BT (—k+3)

Hence the non constant Fourier terms have the form of a sum over multiply-charged
D-instanton contributions [47]. The terms in parenthesis on the right hand side
represent the infinite sum of perturbative corrections around the instantons of charge
I'. The fact that there are no D-instantons in type IIA string theory explains the
fact that the perturbative coupling (4.3.6) does not receive any non perturbative
corrections.

Next to minimal Wilson coupling In D = 10 dimensions the next to minimal
Wilson coupling satisfies the Laplace equation

Ag(l 0) = —8(1 0) (4310)

The only perturbative contribution to £ ) come from the genus 0, genus 1 and genus
2 string amplitudes

g(pfrt — e~ 5 C(l() e 25(1 ‘*‘6%5((12,)0)6' (4311)
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Recall that for D = 10 dimensions we have ¢y = ((5), 5((11)0)6 =0 and 5((12)0)6 = %,
therefore the perturbative part of the Wilson coupling is given by

X = C(5)e 3+ e . (4.3.12)

Just like for the leading Wilson coupling it turns out that this is the full non pertur-
bative coupling for type IIA string theory. Therefore from (4.3.7) we can see that

1
Eap = ((B)EZ = 3Ep (4.3.13)

has the right degeneration limit for 1/g, = e™® = Im7 — oo and obeys the right
Laplace equation. This is the full non perturbative Wilson coupling [72].

4.3.2 9 dimensions

In D = 9 dimensions the moduli space is GL™ (1) x SO(2)\SL(2,R) and the U-duality
group is SL(2,Z). The moduli fields in this dimension are r € R, and 7 € H; such
that rH, is in the moduli space where H, is defined as in (4.1.73).

Minimal Wilson coupling In D = 9 dimensions the minimal Wilson coupling
satisfies the Laplace equation

6
Ag((),o) = ?8(0’0) . (4314)

The only perturbative contribution to & ) come from the genus 0 and genus 1 string
amplitudes

er _12 2
Eoy =€ 7 co0) + 67¢5(($,)0)6- (4.3.15)

For D =9 dimensions we still have c( o) = 2¢(3) and the moduli field parametrising

the Narain partition function is the metric G = (11—3)2 on the torus 7" of compact-

ification from 10 to 9 dimensions where R is the radius of the circle. Therefore we
have

2 2
1 27 _sonn 27 (R
€00 = 3 E,%Al =3 (Z + R (4.3.16)
where we have used the parabolic Fourier expansion (4.1.83) and the fact that A%Z =
SO(1,1)

0 so that there are no non constant Fourier coefficients in E . Hence the pertur-

—1A,
2
bative part of the Wilson coupling is given by
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er _ 12 2 2 R l s 2
This is indeed invariant under T-duality R <— [?/R. If we consider that we have
obtained the 9 dimensional theory by compactifying from type IIB string theory then
7 1

we have r = e (ZI—%) “and Im7 =e? (ZI—%) 2 where R is the radius of compactification
from type IIB string theory. Then from (4.3.7) we can see that

2 2
Ep® + %r% (4.3.18)

2

has the right degeneration limit for 1/g, = e™® — oo. One can also check that it obeys
the right Laplace equation. This is the full non perturbative Wilson coupling [72].
Therefore again the constant terms in the Fourier expansion on the maximal parabolic
subgroup P, which is associated with the perturbative string theory limit, correspond
to the perturbative contributions. The non constant terms correspond to instanton
contributions.

‘ 27 ,
Eoo = 20 P ESY + Tort =7

Also note that if we take the limit R — oo we get

Eoo) ~ 2 B)EFPr—7 . (4.3.19)

Which corresponds to the minimal Wilson coupling for type IIB string theory where
7 is the type IIB axion dilaton field. Similarly, if we take the limit R’ = [2/R — oo,
where R’ is the radius of compactification from type IIA string theory, we get

~3|w

3 272 -~
.0 ~ <2C (3)(Im7)2 + TT) rT, (4.3.20)

which corresponds to the minimal Wilson coupling for type ITA string theory. There-
fore £y also has the right degeneration limit for the decompactification from 9 to
10 dimensions.

Next to minimal Wilson coupling In D = 9 dimensions the next to minimal
Wilson coupling satisfies the Laplace equation

30
AS(L()) — 78(170) . (4321)

The only perturbative contribution to £ 5y come from the genus 0, genus 1 and genus
2 string amplitudes

er 20 _6 8
ENGy =€ T Pcao + e TE y + e ELy, (4.3.22)
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For D = 9 dimensions we still have c(;,9) = ((5) and we have

2 ) 5 \
ny _2m so(1,1) 2w R I3
£lth = @B = T (Fr+ 55 )
4 4 ) 5
@ 27 _sowy 27 (R 12
5(170)6 - 135E2A1 135 (_lg + _R2 , (4323)

where we have used the parabolic Fourier expansion (4.1.82) and the fact that A*Z =
0 so that there are no non constant Fourier coefficients in ngl(l’l) and Ef Aol (D Hence
2

the perturbative part of the Wilson coupling is given by

er _20 2772 R3 lg _6 27T4 R2 lg 8
Eyy = C(B)e 72+ ——((3) <z_3 + ﬁ> e 7+ e (1_2 + ﬁ) €7, (4.3.24)

This is also manifestly invariant under T-duality. Therefore from (4.3.7) we can see
that

2 2 2 2 L
5(1,0) = C(5)rngSL(2) + iC(g)T%ESL(Z) + lC(3)7"772

2A4 45 3 45
5 2 2 ?
_ _r_7Ep§L(2) N %rnggL@) i 4_”5@(3)7«—% , (4.3.25)

has the right degeneration limit for 1/g, = e=® — oo. One can also check that it obeys
the right Laplace equation. This is the full non perturbative Wilson coupling [72].

Also note that if we take the limit R — co we get

2
Eoy ~ CBVES D7 + 24lC(3)r‘172 : (4.3.26)

> 5
The first term corresponds to the next to minimal Wilson coupling for type IIB string
theory. Therefore £ o) also has the right degeneration limit for the decompactification
from 9 to 10 dimensions. The second term is known to be necessary in order to account

for the ten-dimensional normal threshold [54,94,95,147].

4.3.3 8 dimensions

In D = 8 dimensions the moduli space is SO(3)\SL(3,R) x SO(2)\SL(2,R) and
the U-duality group is SL(3,Z) x SL(2,Z). The moduli fields in this dimension are
H; € Hg and U € H, such that H3 x Hy is in the moduli space where Hy; is defined
as in (4.1.73).
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Minimal Wilson coupling In D = 8 dimensions the minimal Wilson coupling
satisfies the differential equation

AS(O,O) = 67. (4327)

This indicates that we may need to consider Eisenstein series evaluated at some pole.
The only perturbative contribution to £ ) come from the genus 0 and genus 1 string
amplitudes

nggt) — 672¢C(070) + 5((37)0)6 . (4328)

For D = 8 dimensions we still have ¢ = 2((3) and we saw in section 3.5.2 that
5(%,)0)5 was divergent. This also indicates that we need to consider Eisenstein series
evaluated at some pole. We showed how to regularise and calculate the renormalised
genus 1 contribution in (3.5.57). Hence the perturbative part of the Wilson coupling

is given by

Sggu::mx3m—%—2whmhnLnndmﬁ)—2whwhnlwnavﬁ)+%§¢+2%5—4whmmdpuy

(4.3.29)
This is indeed invariant under T-duality. The %”gb term can be thought of as arising
from the Weyl rescaling in passing from the string frame to the Einstein frame in the
presence of infrared thresholds.

Let us consider the following regularisation of the real analytic Eisenstein series
EfALl(Q) in the Sp(2,R) form (4.1.56) at the pole s =1

A 1
EilL(Q)(U) _ 11_% (E(Siﬁ-%)m(U) — % — ;(72 InA— 61n47r))
3
= (I U)Y), (4.3.30)

where A is the Glaisher—Kinkelin constant. We can also decompose Hj into r, Hy and
T9 as in (4.1.68) for the maximal parabolic subgroup P, of SL(3). We have Hr = Ho

where Hyp is defined as in (4.1.73) and r = ¢35, Let us now consider the following

L(3) 3

regularisation of the Eisenstein series EfAl at the pole s = 3
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A 2 , 3
Efo:g)(Hg) = lim (ES;L(B) (Hs) — e - _W(VE -+ QWC ( )>

sA e— (5+e)A C(?))E C(B) <(3)2
=7~ 2y I TIn(D)I") — gy Inr
47T / —T% 3 2mil(x
+@FQZE;ZU?(F)]Z(F)]Kl(%“‘z(m)e @) (4.3.31)

where we have used the Fourier decomposition on the maximal parabolic subgroup
Py (4.1.72). Therefore using the asymptotic behavior of the Bessel K function we can
see that

21% ~sr) | 221

Eoon = XY + Z-EX + == — dnn(2nlpp)
2 ~ 22
= Eng(g) + 2Epr(2) + Tﬂ — 4 In(2nlpp) (4.3.32)

has the right degeneration limit for 1/g, = e™® — oo and obeys the right Laplace
equation, see (4.1.46). This is the full non perturbative Wilson coupling [166]. There-
fore the constant terms in the Fourier expansion on the maximal parabolic subgroup
Py, which is associated with the perturbative string theory limit, correspond again to
the perturbative contributions.

If we consider that we have obtained the 8 dimensional theory by compactifying
from type IIB string theory then we have ImU = Ry/R; and ImT = Ry R, /I? where
Ry is the radius of compactification from type IIB string theory to 9 dimensions and
R5 is the radius of compactification from 9 to 8 dimensions. We can now decompose
Hj into ', H) and 2, as in (4.1.68) for the maximal parabolic subgroup P, of SL(3).
Then if we take the limit Ry — oo, which corresponds to only keeping the constant
terms in the Fourier decomposition (4.1.70) for the maximal parabolic subgroup P,
we get

3 SL(Q) 27‘[‘2 2271‘ 1
Eo,0u ~ 2¢(3)r2 By o+ KN ImU + =3 A 111(27T7“(IH1 U)2lp,u> . (4.3.33)
2
The first two terms correspond to the minimal Wilson coupling in dimension 9. There-
fore £(,0), also has the right degeneration limit for the decompactification from 8 to 9
dimensions. The last term is an important contribution which resums into the nine-

dimensional massless threshold [94] while the In p term is a scale contribution.
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From (4.3.30) and (4.3.31) we can deduce a general way to regularise minimal
SL(n) Eisenstein series at the pole

ASL(n) 1 scm)  §(1+ 2¢)
B = tim (E(g o fres ) (4.3.34)

Similarly for antifundamental SL(n) series

ASL(n) o SL(n) B £(1 + 2e)

E%A”*1 o 11—{% (E(g+€)Anl g(n + 26) : (4335)
The link between divergences in supergravity and Wilson couplings was further stud-
ied in [165,167].

Next to minimal Wilson coupling In D = 8 dimensions the next to minimal
Wilson coupling satisfies the Laplace equation

10
Aoy = 5 Ean - (4.3.36)

The only perturbative contribution to £ gy come from the genus 0, genus 1 and genus
2 string amplitudes

10

er — _4 2
Bi = ey + 8y, 4 RS, wa

For D = 8 dimensions we still have ¢(;,0) = ((5) and we have

1 _ 2m° E50@2) _ 27° ESL2) pSLR)
(1,0)e — m 2A1 - m 2A1 2A1
@) 27t (22) 50(2,2) 2t o sp) SL(2)
Er0)e = G <E2A2 + oy, ) = 135 <EQA1 + Egy, ) ) (4.3.38)

where we have used the isomorphism SO(2,2) = SL(2) x SL(2). Hence the pertur-
bative part of the Wilson coupling is given by

or _10 2m° SLE) iy 2T 1 _sie SL2)\ 2
g(pl,ot) =((5)e 3%+ 2025E2A1( )EQAI( Jem5? 1 135 <E2A1( ) + EQAI( )> e3? . (4.3.39)

This is also manifestly invariant under T-duality. Therefore by looking at the constant
terms in the Fourier decomposition (4.1.72) on the maximal parabolic subgroup P
we can see that
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2r* SL(2
5(1,0) = C(5)EOAE ) + EE 1&1)E2A1( )

1

= §Ep§ L®) _ ggpSt@Epst@ (4.3.40)
2 2

has the right degeneration limit for 1/g, = e=® — oo. One can also check that it obeys

the right Laplace equation. This is the full non perturbative Wilson coupling [48].

Also note that if we take the limit Ry — oo, which corresponds to only keeping
the constant terms in the Fourier decomposition (4.1.70) for the maximal parabolic
subgroup P x P, of SL(3) x SL(2), we get

3 pSLe) | 2 9 /-1 SL() 2’ —1,04
Enoy ~ C(B)2E 5A1 o ¢(3)(ImT)"r E + o —(¢3)(ImT)"r
( ) 1-% SL() 27T =2 2m° 2,14

2¢(3)(Im 7)™~ E +— 5005 (Im7)*r"™. (4.3.41)

The first line corresponds to the next to minimal Wilson coupling in dimension 9.
Therefore &1 o) also has the right degeneration limit for the decompactification from 8
to 9 dimensions. The first term of the second line corresponds to the minimal Wilson
coupling in dimension 9. The last term comes from a threshold term.

4.3.4 7 dimensions

In D = 7 dimensions the moduli space is SO(5)\SL(5,R) and the U-duality group is
SL(5,7Z). The moduli fields in this dimension are Hy € Hg.

Minimal Wilson coupling In D = 7 dimensions the minimal Wilson coupling
satisfies the Laplace equation

12
Ao =~ €00 - (4.3.42)

The only perturbative contribution to £ o) come from the genus 0 and genus 1 string
amplitudes

Efe = e c0) + € E QY. - (4.3.43)

For D = 7 dimensions we still have (o) = 2¢(3) and we have
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2
1 S0(3,3 27 _Sr(4
Enoye = AmEMETH = =B (4.3.44)

Where we have used the isomorphism SO(3,3) = SL(4). Hence the perturbative part
of the Wilson coupling is given by

2 2
Elvty = 20(3)e”Fe + B0 (4.3.45)

We can decompose Hj into r, Hy and x4 as in (4.1.68) for the maximal parabolic
subgroup P; of SL(5). We have r = e~3%. Therefore using the Fourier decomposition
on the maximal parabolic subgroup P; (4.1.72) and the asymptotic behavior of the
Bessel K function we can see that

Eoo) = 2g(3)E§§f5) = Eng“) (4.3.46)
has the right degeneration limit for 1/g; = e ® — oo and obeys the right Laplace
equation. This is the full non perturbative Wilson coupling [48]. Therefore the con-
stant terms in the Fourier expansion on the maximal parabolic subgroup P, which
is associated with the perturbative string theory limit, correspond again to the per-
turbative contributions.

We can now decompose Hj into v/, H}, Hy and 2424 as in (4.1.68) for the maximal
parabolic subgroup P; of SL(5) which corresponds to the maximal parabolic subgroup
Py of Ey4). Let R be the radius of compactification from 8 to 7 dimensions. Then if
we take the limit R — oo, which corresponds to only keeping the constant terms in
the Fourier decomposition (4.1.70) for the maximal parabolic subgroup Ps of SL(5),
we get

. o2 22 z
Eoo) ~ (2C BB + S EY + 5 —drin <2W—P)
2

11 l
+2m (27]; - 3) +4n 1n(§r’3)> 3 (4.3.47)

S

where we have used the functional relation (4.1.44). The first line corresponds to
the minimal Wilson coupling in dimension 8. Therefore £y also has the right
degeneration limit for the decompactification from 7 to 8 dimensions. The second
line results from a threshold in 8 dimensions.
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Next to minimal Wilson coupling In D = 7 dimensions the next to minimal
Wilson coupling satisfies the differential equation

2072
3

This indicates again that we may need to consider Eisenstein series evaluated at some
pole. The only perturbative contribution to £ ) come from the genus 0, genus 1 and
genus 2 string amplitudes

Aoy = (4.3.48)

Eny =€ e + e 5( +510)E. (4.3.49)

For D = 7 dimensions we still have c(;,9) = ((5) and we have

n _ T SO 33 _ T SL(4)
5(10 C( ) - 15€(5)E%A2 )
27r 2t 1672
2 _ S0(3,3) SO(3,3)\ __ (4) L(4)
Eoye = 135 <E2A36 + Eappe ) =135 <E2A1 + E2A3 ) B (4.3.50)

where we have used the isomorphism SO(3,3) = SL(4) and we have used the reg-
ularisations (4.3.34) and (4.3.35). The genus 2 contribution is divergent which also
indicates that we need to consider Eisenstein series evaluated at some pole. Hence
the perturbative part of the Wilson coupling is given by

1672

er - m SL4 — 27 !
gaot _C(5)€ 4(;3_'_54(5) () 20 L 2 (EZAl()+E2A( )) + T

342 135 8

Note that with the regularisation (4.3.34) the Fourier decomposition (4.1.72) on the
( )

¢. (4.3.51)

maximal parabolic subgroup P; of the Eisenstein series E is given by
~ 2t . 272
ESL(5) _ .10 ESL(4) _ 1
s T TR T T 3ee)
. Z/: () "k (2773 |Z(I)[)e> ) (4.3.52)
— o)== T : 3.
3¢(6) =z, 1z

Let us now consider the following regularisation of the Eisenstein series ESSAL3 ®) at the

_ 5
pole s = 3
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. 107 107
SL(5) T SL(5) N N N
E%A3 (Hs) —ll_I}% (E(g+e)A3(H5) ROEERE )(12’yE+6ln7r+ln64 11—-72InA)
¢(5)  1800¢'(4)

et e <<5>)

_ S ESLE) | 21° sy 30w
e 0¢(5) e ((5)
!/

8r? o_o(I) Z5LO) (7
30) Z ged(r) -1 s F)|Z< I)[s

Inr

M\Cﬂ

P Ko (2172 | Z(D) )™,

(4.3.53)

where we have used the Fourier decomposition on the maximal parabolic subgroup
Py (4.1.89). Therefore we can see that

B ASL() | T SL(S) le spi) w ~SL(5)
has the right degeneration limit for 1/g, = e — oo. One can also check that it
obeys the right Laplace equation, see (4.1.46) and (4.1.49). This is the full non per-
turbative Wilson coupling [48].

One can also check by looking at the constant terms in the Fourier decomposition
for the maximal parabolic subgroup P; of SL(5) that we get the right degeneration
limit for the decompactification from 7 to 8 dimensions.

From (4.3.53) we can deduce a general way to regularise next to minimal Eisenstein

series at the pole s =

. . E(1+ 2€)&(2 + 2¢)
ESE0) _pipy (v S
32 0\ F(g+ons En—1426)&(n+2€)) "’
. ) (14 2€)&(2 + 2¢)
st _ oy (psie & . 4.3.55
ZAn_2 61_{% (5+e)An—2 E(n—1+2€)&(n+ 2e) ( )

4.3.5 6 dimensions

In D = 6 dimensions the moduli space is (SO(5) x SO(5))\SO(5,5,R) and the U-
duality group is SO(5,5,7Z). The moduli fields in this dimension are G5 + Bs € H
such that Hg, g, as defined in (3.5.14) is in the moduli space.
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Minimal Wilson coupling In D = 6 dimensions the minimal Wilson coupling
satisfies the Laplace equation

15
A8(070) — —?8(070) . (4356)

The only perturbative contribution to & ) come from the genus 0 and genus 1 string
amplitudes

Ebs = e (g + e PEG . - (4.3.57)
For D = 8 dimensions we still have (o) = 2¢(3) and we have
2
1) 2T _s0(a4)

5(0?0)6 = TEAI . (4.3.58)

Hence the perturbative part of the Wilson coupling is given by

‘c/-pert -9 -3¢ 27T2 ESO(4’4) —¢ 4

(0,0) = C(3)e —I— ? Ay e . ( 359)

One can check by looking at the constant terms in the Fourier decomposition for the
maximal parabolic subgroup P; of SO(5,5) that

Eoo = 2 (3)Egy " = Epy "™ (4.3.60)
has the right degeneration limit for perturbative string theory and obeys the right
Laplace equation, see (4.1.53). This is the full non perturbative Wilson coupling [48].

We can also decompose Hg, p, into r, H5 and Bs as in (4.1.80) for the maximal
parabolic subgroup Ps of SO(5,5). Then if we look at the constant terms in the
Fourier decomposition (4.1.83) for the maximal parabolic subgroup Ps of SO(5,5),
we get

~ 2 2
Eno) ~ A B)ES D2 + %Tg : (4.3.61)
2

The first term corresponds to the minimal Wilson coupling in dimension 7 where H*
are the moduli fields in 7 dimension. Therefore &) also has the right degeneration
limit for the decompactification from 6 to 7 dimensions. The second term comes from
a threshold in 7 dimensions.

We can see a pattern emerge for low dimensions that the full non perturbative
minimal Wilson coupling &) is given by an Epstein series for the U-duality group
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evaluated at s = 2. Similarly one can show that for low dimensions the full non

2
perturbative next to minimal Wilson coupling &y is given by half of an Epstein

series for the U-duality group evaluated at s = % Indeed in general we have in
dimension D = 11 — d [47,48,153,157,158,166|
_ Eaay _ pFaw
Eoo) = 2AB)Ey, " =Eps"", (D<)
_ Baay _ 1o Ba
g0 =COB)Es " = SEp,"”. (D <5) (4.3.62)

sM 2 T3

These two relations also hold in ten dimensions for type IIB string theory.

Therefore we have seen that the general strategy to find the full non perturbative
Wilson couplings in any dimension D = 11 — d is to start from the perturbative
string theory expansion and then find a function invariant under the U-duality group
that satisfies the differential equation imposed by supersymmetry and whose constant
terms in the Fourier expansion on the maximal parabolic subgroup P of Eg) agrees
with the perturbative expansion. The non constant terms in the Fourier expansion
on P; then correspond to non perturbative instanton contributions. Important san-
ity checks involve checking that the constant terms in the Fourier expansion on the
maximal parabolic subgroup Py of Ey4) agree with the full non perturbative Wilson
coupling in dimension D 4 1 and the constant terms in the Fourier expansion on
the maximal parabolic subgroup P of Egy) reproduce the results of eleven dimen-
sional supergravity compactified on a torus 7¢.° This strategy works best for the
first three Wilson couplings which are protected by supersymmetry and hence whose
perturbative expansion is finite, see [48,49,51]. A natural guess for a non perturba-
tive completion of Wilson coefficients is an automorphic form for the U-duality group
because they already satisfy the conditions of invariance under the U-duality group
as well as interesting differential equations. However it is not always the case that
the non pertrubative Wilson coefficient is constructed from automorphic forms, for
example the next to next to leading Wilson coupling in dimension D > 8 belongs to
a class of functions on K\ Ey)/Eq@a)(Z) that generalises the notion of automorphic
forms. Indeed in general Wilson couplings fail to satisfy condition 3. of the definition
of automorphic forms in that they do not define a finite dimensional representation
of the centre Z(equ)), i.e. they are not eigenfunctions of all differential operators.

We can end this section by extending this exposition to 11 dimensions and giving
the non perturbative M-theory leading Wilson coupling. As we have seen, there are
no massless scalar fields in M-theory/eleven dimensional supergravity and hence no

9We have not looked at this limit in our exposition.
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moduli fields. Therefore there is no U-duality group in eleven dimensions and the
Wilson coupling is a constant which can be found by anomaly cancellation required
for consistent coupling with the M5 brane [168,169]. This is given by
272
Eo,0) = E (D =11) (4.3.63)

for the leading Wilson coefficient and by

=0, (D=11) (4.3.64)

for the next to leading Wilson coefficient. If one recalls that the type IIA dilaton is
related to the radius of compactification R from 11 to 10 dimensions by e? = % one
can check that in the limit R — oo the type ITA Wilson coefficients given by (4.3.6)

and (4.3.12) reproduce the M-theory Wilson couplings.'’

10Although there is a term in (4.3.12) that survives the limit it does not have the right power of
the dilaton to come from the D = 11 next to minimal Wilson coupling. In fact this term comes from
Kaluza-Klein modes contributions.
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Chapter 5

Minima of leading Wilson
couplings

As we saw in the introduction, maximally supersymmetric gravitational theories pro-
vide a natural setting where one might say precise things about the string lamppost
principle. We already saw that if we look at the leading two derivatives operators
in the effective action then the string lamppost principle is pretty much verified in
all dimensions as maximal supergravity is unique! and coincides with the low energy
limit of maximally supersymmetric string theory compactified on a torus. In this
section we will look at the leading higher order operators in the effective field theory
expansion which constitutes the core of this thesis. For a general maximally super-
symmetric gravitational theory we can write the first few Wilson coefficients of the
gravitational sector of the effective action in Einstein frame as

1 l6 llO l12
S = 2z / dPz /=g (R + ﬁc(o,oﬂz”‘ + 4_%0<1’°>V4R4 + §C(071)V6R4 +.. > ,

(5.0.1)
where here ¢, , are generic Wilson coefficients which have a priori nothing to do with
string theory. We saw in chapter 1 that S-matrix bootstrap methods can be used
to constrain the amplitudes of such a theory and therefore the Wilson coefficients as
well. Indeed the low energy limit of the amplitude is given by

2 64
Ap-yy = —izBR ki, 1) <%+C(070)l% +322m) 2B (1 (s,0) + 10 (6 w) + 1w, 9))

llO
+C(1,o)%(82 + 2 )+ > , (5.0.2)

!Except in ten dimensions of course.
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where [ f) is the one loop supergravity integral given in (3.5.28). One can then use
techniques similar to section 3.4 to relate the unitarity bounds on this amplitude to
unitarity bounds on the scalar amplitude using maximal supersymmetry and factori-
sation properties of amplitudes. We can see that for dimensions D > 8 the contri-
bution from the leading Wilson coefficient ¢(g ¢y in the amplitude (5.0.2) is leading at
low energy with respect to the one loop supergravity amplitude. In these dimensions
one can therefore translate the bounds on the amplitudes to bounds on the leading
Wilson coefficient ¢ ). For example it is easy enough using the positivity bound
(1.3.10) on the scalar amplitude and usual contour integration arguments [170-174]
to show that the leading Wilson coefficients in these dimensions must be positive [45].

Of course this bound can be refined using the elastic positivity bound (1.3.11) as was
done in [45,46] although the bounds are not sharp because they are missing inelastic
effects in the optical theorem.

In dimensions D < 8 it is the one loop supergravity amplitude that is leading
at low energy with respect to leading Wilson coefficient ¢ ). In this dimensions
it is much more complicated to extract bounds on ¢y and in particular no such
positivity bound can be derived. For dimensions D < 5 the two loop supergravity
amplitudes also becomes leading with respect to the leading Wilson coefficient which
further complicates matters.

An interesting question with respect to the string lamppost principle is whether
the range of the exact leading Wilson coefficients &y of string theory as found
in chapter 4 saturate the range allowed by S-matrix unitarity bounds. The Wilson
coefficients of string theory can take arbitrary large values which is coherent with
the unitarity range which is not bounded from above. Therefore the key question is
whether the lower bounds of the Wilson coefficients coincide with the lower bounds
imposed by unitarity. It was found in [45,46] that the leading Wilson coefficients
in dimensions D > 8 nearly saturate unitarity bounds. Due to non sharpness of
these unitarity bounds and the fact that taking into account particle production is
expected to raise the unitarity bounds [175] one can conclude that string theory does
indeed seem to saturate the sharp unitarity bounds in dimensions D > 8. One of
the main efforts of this PhD thesis was to derive lower bounds for the leading and
next to leading Wilson coefficients in dimensions 6 < D < 8. As shown in section 4.3
this involves finding the global minima of Epstein series and Eisenstein series for the
groups SL(n) and SO(n,n) for small n at special values of the parameter s.

In this section we begin by finding suitable fundamental domains for the mod-
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uli spaces relevant to us. We then give the main results leading to the conjectured
minima of Epstein series at symmetric points and in particular prove they are local
minima. Finally we give our results regarding the lower bounds on exact leading Wil-
son coefficients of maximally supersymmetric string theory. More details regarding
this section can be found in [176] as well as in an upcoming article.

5.1 Fundamental domain of K\G/G(Z)

Let M = K\G be some symmetric space and let f : M — R be some real automor-
phic function for some discrete subgroup I' of GG. Instead of studying the minima of
f on the whole symmetric space M one may restrict to considering M up to trans-
formations by I', this leads us to the concept of fundamental domain for K\G/I'. A
fundamental domain F for M/T" is a subset F C M from which the whole space M
can be recovered by the action of I' and which is in some sense the smallest possible.
More precisely one defines a free regular set F C M for I" as an open set in M such

that any point in M can be mapped to its closure F = Fin M by the action of I,
and for any element v € I' acting non-trivially on M one has vF N F =g It is also
required that OF = F \ F is of measure zero in M. We then call F a fundamental
domain of I' in M. Equivalently one can define F to satisfy

UJrF=M, FnFcoF, (5.1.1)

vyer

for all v € T" acting non trivially.

Our biggest motivation for studying fundamental domains comes from this second
condition. Indeed, as explained in the next section, we have good reasons to believe
that potential minima of automorphic forms will lie at self dual points, i.e. points
which are mapped to themselves by some subgroup of I'. By definition these have
to lie on the boundary of any fundamental domain. In fact the more symmetries
these points have, i.e. the bigger the subgroup of I' stabilizing the point, the likelier
they are to be minima. And the points with the biggest amount of symmetries are
typically point which lie on boundaries of low dimension of F, the best candidates
being dimension 0 boundary points (sometimes called corners).

It is important to realise however that the study of boundaries of fundamental
domains depends on the choice of the latter so this analysis can only take us so far.
Indeed there is no canonical fundamental domain. A first fundamental domain was
introduced by Minkowski for GL(n,Z) acting on SO(n)\SL(n) [177]. Grenier then
defined a different fundamental domain for GL(n,Z) that is easier to generalise to
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arbitrary simple groups [178]. Let us first review Grenier’s construction in the case

of SL(n,Z).

5.1.1 Fundamental domain of SL(n,Z)

Let us first review the case of the standard fundamental domain for SO(2)\SL(2)/SL(2,Z).
As we saw in section 3.3 the symmetric space SO(2)\SL(2) is isomorphic to the upper
complex half plane H; and a standard fundamental domain for SO(2)\SL(2)/SL(2,7Z)

was given by (3.3.8). We can give another equivalent formulation for this fundamental
domain which makes it look even more analogous to the fundamental domain for the
Siegel upper half plane (3.3.19).

Fi={r€C||Ret|<1/2, ImT >0, |n+m7|*> 1}, (5.1.2)

for all n,m € Z such that

S

(T";L T) € SL(2,Z). (5.1.3)

Just like for the Siegel fundamental domain the last condition only needs to be checked
for a finite number of n, m. In fact the only doublet for which this condition is non-
trivial is n = 0, m = 1 for which one gets back the usual fundamental domain (3.3.8).
If we define H, € Hg as in (4.1.73) it is easy to see that 7 € H; is in the fundamental
domain F; if and only if

1. H,[q] > 1/ImT for all ¢ € Z* such that gcdq =1,

This form of the fundamental domain is useful to us because this can be generalised
by recursion.

Indeed the idea behind Grenier’s fundamental domain is to extend this recusively
to SO(n)\SL(n) which we identify with the space of symmetric positive definite
unimodular matrices Hg. We can decompose H,, € M, = SO(n)\SL(n) into r,
H, ;1 and z,_1 as in (4.1.68) for the parabolic subgroup P; of SL(n). Grenier’s
fundamental domain F™ of M,, under the action of SL(n,Z) is then given in terms
of the fundamental domain F"~Y of M,,_; under the action of GL(n —1,Z)? by the
conditions

2This is a slight subtlety but it is not a complication because the fundamental domain for G L(n, Z)
is the same as that of SL(n,Z) except 0 < (z,-1)1 < % for all n and the condition gedg = 1 is
replaced by ¢ # 0 for n = 2.
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L. Hn—l € f(n71)7
2. Hy[q] > 1/r"! for all ¢ € Z™ such that gedg =1,

3. (zp—1)i| < % for 2 <i<n-—1and |(z,_1)1|< % for n even or 0 < (z,-1)1 <
for n odd.

1
2

Again one can actually show that condition 2. only implies a finite number of in-
equalities. The proof that this is the case and that this indeed defines a fundamental
domain was given by Grenier in [178]. The resulting Grenier fundamental domain for
the case n = 3 is given in [176].

5.1.2 Generalisation to G(Z)

It appears that Grenier’s construction of a fundamental domain is based on a sequence
of maximal abelian parabolic subgroups, i.e. maximal parabolic subgroups for which
the unipotent radical is abelian. In this section we therefore consider G to be the split
real form of a simple Lie group of rank r admitting an abelian parabolic subgroup.
This last condition excludes only Eg), Fy4) and Ga). It includes in particular all
the relevant moduli spaces and U-duality groups for maximally supersymmetric string
theory in dimensions greater or equal to four, see table 4.1.

Let Pi(l) be a maximal abelian parabolic subgroup associated to the fundamental
weight A;. We assume it is of the form

PY =(GL1) x Gy x U, (5.1.4)

where the semi-simple part of the Levi subgroup Ggl) is itself the split real form of a
semi-simple group and the unipotent radical Ui(l) is abelian. According to the Iwasawa
decomposition, for any element v € M = K\G we can find a coset representative
v~ pwith p € Pi(l). Therefore, by the Levi decomposition we can decompose v as

v = efélnyz@)H%U(l)ea(l) , (5.1.5)
(

with yil) e Ry, a € ngl) the Lie algebra of the unipotent radical Ui(l) and vV €
MO = Ki(l)\Ggl) where Ki(l) is the maximal compact subgroup of Gz(l). Also note
that H,, is the generator of the Chevalley basis (4.1.26) associated to the root «;
such that (A;, ) = 1. Therefore if ey, € R(A;) is the highest weight vector of the
representation R(A;) then if we assume that v is in the representation R(A;) we have

1

i
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For each v € M we define the symmetric bilinear form H|q] with H = vTv where v
and ¢ are in the representation R(A;). In the following we shall identify a point v € M
with the symmetric matrix H, we will also use the fact that accordmg to the Iwasawa
decomposition v can be parametrised by the coordinates y!”, H® = (v0)Ty® and

a). Before generalising Grenier’s construction, let us glve some definitions. We
define

(Z) = G(Z) N (GL(1) x GV),
(z)=Gz)nU, (5.1.7)
PPz =Gz npPY =aP @) x u(z).

Note that with this definition G,El)(Z) may not be a subgroup of Ggl) but includes the
entire discrete Levi subgroup.®

The construction of the fundamental domain is defined recursively. We first con-
sider the fundamental domain of M for the action of the parabolic subgroup PZ-(D(Z).

Let p be an element of Pi(l)(Z), we can decompose it as p = le" with [ € Ggl)(Z) and
e e Ui(l)(Z). Pl(l)(Z) acts on M by

p"Hp = " THOL I W 4 n) . (5.1.8)

Therefore we can see that the action of the adjoint Levi subgroup GEI)(Z) /2 (Ggl)(Z)),
with Z(GEI)(Z)) the centre of Ggl)(Z), on MW determines the fundamental domain

FO = MV/(67(2)/2(67(2)). (5.1.9)

To find a fundamental domain of Pi(l)(Z) in M, it remains to act with Z(G, G (7)) x
Ui(l)(Z) on ngl). By construction UZ»(I)(Z) acts by translation and Z(GZ(1 (Z)) acts

either trivially or by multiplying a(") by —1. One gets therefore

FO = M/POZ) =R, x F x -1, 10" /2, (5.1.10)

where d® is the dimension of U" and p = 2 if Z(G\"(Z)) acts as Z on n!") and
p = 1if it acts trivially.

To find a fundamental domain of M for G(Z), it remains to consider the action
of G(Z)/Pi(l)(Z). Let us again consider the isomorphism (4.1.39)

3As an example, for SL(n,Z) we would have G(ll) (Z) = GL(n—1,Z) which explains the previous
footnote.
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G(z)/ P (Z) = SV = {qg € R(\i,Z) | ¢ q € R(2M\;, Z), gedg =1}, (5.1.11)

where the condition ¢ ® ¢ € R(2A;,7Z) is again characterised by (4.1.38) and the ged
may include a notion of sign when the only elements in GG(Z) that change the sign of

q are trivial in G(Z)/GED(Z). If we define the positive set S C M as

SO = {H e M|H[q) > 1/y", ¥g € SV}, (5.1.12)

then we can show that a fundamental domain F = M /G(Z) can be defined as the
intersection
F=7rYnsy, (5.1.13)

The proof that this indeed defines a fundamental domain is given in [176].

This can then be extended recursively by applying the same reasoning to Ggl) and
all Ggfk)) semi-simple subgroups successively with maximal parabolic subgroups

PHTY) = (GL(1) x G x UG (5.1.14)

such that U;{Zg is an abelian unipotent group for all £ = 1 to r. By construction the

recursion ends with Pl(tg =GL(1) x UZ.((:)). Also by construction the Borel subgroup is
given by

B=GL) x U x--x UL, (5.1.15)

and the Iwasawa decomposition of GG is compatible with this succession of abelian
parabolic subgroups

B CGL(1)" x [)i((:jll)) X Ui((:ig)) B U¢(<11)> C--- CGL(1) X sza X Ui((llz C PZ((R cG.
(5.1.16)

5.1.3 Fundamental domain of SO(n,n,Z)

Let us now see how this construction applies to the symmetric space M,, = (SO(n) x
SO(n))\SO(n,n) under the action of SO(n,n,Z) preserving the even self-dual lattice
of split signature I, ,,. As we have seen, in string theory the group of T-duality on the
torus T is O(d, d, Z) whereas the group of U-duality in dimension 6 is SOy(5,5,7Z).
The difference with respect to the different groups SOy(n,n,Z), SO(n,n,Z) and
O(n,n,Z) only appear in the first step because SOy (1,1,Z) = {1}, SO(1,1,Z) = Zs
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and O(]_, 1,Z) = ZQ X ZQ.

We will use the convention that the split signature metric is

(1) "

Notice that the symmetric space (SO(n) x SO(n))\SO(n,n) is isomorphic to the
space of invariant symmetric positive definite unimodular real matrices H = {H €
Mat(2n,R) | HT = H,det H = 1, H > 0, " Hn = H} where the isomorphism is
given by H = vTv with v is in the fundamental representation R(A;) of SO(n,n). In
the following we shall identify points in M, with symmetric matrices H, € H.

We consider the maximal parabolic subgroup P, associated to the fundamental
weight Ay, it is given by

P, = (GL(1) x SO(n —1,n — 1)) x R*~t"~1, (5.1.18)

Therefore the semi-simple part of the Levi subgroup is SO(n — 1,n — 1) which is
indeed the split real form of a simple group and the unipotent radical is given by
R™~17=1 which is indeed abelian. We can decompose

1 2
Hn[Qn] - T_l (q + (xn—la Qn—l) + é(xn—la xn—l)p) + Hn—l[qn—l + xn—lp} + Tp2

(5.1.19)
and

(Qna Qn) = (Qn—b Qn—l) + 2qpa (5120)
where ¢, = (¢,¢n—1,p)". We have r e R, H,_; € M,,_; = (SO(n — 1) x SO(n —
H\SO(n —1,n—1), 2,1 € RV g,y € I, 1,1 and ¢,p € Z. In matrix
notation this corresponds to a decomposition

r=t 00 0\ [1 2l (w1, z0on)
Hn = 0 Hn,1 0 0 [Qn,Q Tp—1 . (5121)
0 0 r 0 0 1

With the definitions of the previous paragraph we would have Ggl)(Z) =0(n —
1,n—1,7Z). Also recall that for ¢ € R(Ay,Z) = II,,,, the condition ¢®q € R(2A;,Z) is
equivalent to ¢ being light-like. Therefore Grenier’s fundamental domain F™ of M,,
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under the action of SO(n,n,Z) is given in terms of the fundamental domain F™~!

of M,,_; under the action of O(n — 1,n — 1,Z)* by the conditions
1. H,_, € Fn=1)

2. Hylq) > 1/r for all ¢ € II,,,, such that gcdg =1 and (¢,¢q) =0,
3. [(zp1)i|< 2 for2<i<2n—2and 0 < (z1)1 < 3.

Conditions 1. and 3. ensure that H, € F 1(31) while condition 3. implies that H, €

S(>1). The proof that this is a fundamental domain as well as the resulting Grenier
fundamental domain for the case n = 2 is given in [176].

5.2 Minima at symmetric points

Automorphic forms are in general complicated functions on complicated spaces. Ana-
lysing these functions even restricted to some fundamental domain is at best difficult
and at worst impossible. However we will see that symmetric points, i.e. points
which are mapped to themselves by a subgroup of the discrete symmetry group,
define special points which are natural candidates for minima. This allows us to
restrict the analysis of automorphic forms to a few points lying on the boundaries of
the fundamental domain.

5.2.1 Taylor expansion at symmetric points

Let K\G be some symmetric space and let F be some fundamental domain of K\G for
the action of G(Z). The hypersurfaces defining the boundary dF of the fundamental
domain are mapped to each other under the action of G(Z) and their intersections
are invariant under non-trivial finite subgroups of G(Z). The maximal intersections
define isolated points vy € K\G that are invariant under maximal finite subgroups
G"(Z) C G(Z) given by

G™(Z) ={y € G(Z) |vyy ~ vo} . (5.2.1)

We call isolated G"(Z)-fixed points in K\G symmetric points. All the symmetric
points are maximal intersections but some maximal intersections may not be sym-
metric points. By construction for all v € G*(Z) there exists a k, = vpyv; ' € K
such that

VoY = kyvo ~ g . (5.2.2)

4The fundamental domain for O(n,n,Z) is the same as that of SO(n,n,Z) except that the
condition ged ¢ = 1 is replaced by ¢ # 0 for n = 2. Similarly the fundamental domain for SOy (n,n,Z)
is the same as that of SO(n,n, Z) except condition 0 < (1)1 < £ is replaced by |(z1)1|< 3 for n = 2.
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Therefore we can rewrite G*(Z) as

G"(Z) = {y € G(Z)|voyvy ' € K} . (5.2.3)

Let f be an automorphic function on K\G/G(Z). We define the Taylor expansion of
f at v = vy from the left-action of X € p=go ¢ as

flexp(X)vg) = fuo (X) = f(vo) + XD, f (vo) + %X“X”Dﬂ)b f(vo) +O(X?), (5.2.4)

where a labels the components of X in p. Note that this can be thought of as a
equivalent definition to (4.1.11) for the covariant derivative D,,.

If G*(Z) is non-trivial then for any k, = vyyv,' € K such that v € G*(Z) we
have

ool X k) = F (k7 exp(X)hye0) = flexp(X)on) = fuo(X).  (5.25)

Therefore the Taylor expansion of an automorphic function at a symmetric point
v = vg is highly constrained by the symmetry group G"(Z). At order n in the Taylor
expansion, one can classify the order n polynomials in X that are invariant under
all such elements k, = voyvy '€ K. If vy is a symmetric point, there is no invari-
ant linear polynomial and vy is necessarily an extremum of any automorphic function.

For any symmetric point vy one must then check if the extremum is a minimum by
looking at the Hessian matrix of the function at v = vy. In practice we shall find that
symmetric points admit a small number of G*(Z)-invariant quadratic polynomials,
and that it is sufficient to evaluate the automorphic function on a small dimension
hypersurface to determine if it is a minimum.

If there is a single invariant quadratic polynomial, by construction it must be
proportional to the quadratic Casimir such that

foo(X) = f(vg) + kap X X A f(vg) + O(X?). (5.2.6)

2dim p

The Hessian of the function at v = vy is then completely determined, and the sym-
metric point is a local minimum provided Af(vy) > 0. Recall that by definition
f is an eigenfunction of the Laplacian, therefore in particular the function must be
negative at a local minimum if the eigenvalue of the Laplace operator is negative.
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Maximal parabolic Eisenstein series We will be interested in maximal parabolic
Eisenstein series E) = associated to a fundamental weight A; which are defined in sec-

tion 4.1.1. They satisfy the Laplace equation (4.1.32). We saw that we had AES) > 0

in the domain of absolute convergence s > <</\[\_i;f?>. Therefore we find that when the

symmetric space K\G admits a symmetric point vy with a unique invariant quadratic
polynomial in X, the symmetric point vy is a local minimum of any absolutely con-
vergent HEisenstein series. On the other hand on the critical strip 0 < s < %,
where the Eisenstein series is integrable, the eigenvalue of the Laplacian is negative.
Therefore vy is a local minimum of any integrable automorphic function that is neg-
ative at vo. This is consistent with the fact that because of (4.1.41) ES) must be

negative at its global minimum in the domain of integrability.

When there are two G"°(Z)-invariant quadratic polynomials we need to compute
the two independent eigenvalues of the Hessian matrix at v = vy. This can be done
by defining a two-dimensional subspace of K\G that includes the two independent
eigenvectors of the Hessian matrix at v = vy. There also exists symmetric points with
more invariant polynomials, but in our case we shall find that they never correspond
to global minima. We will now discuss the cases of SL(n) and SO(n,n).

5.2.2 SL(n) symmetric points

(2)

The SL(2) real analytic Eisenstein series EfALl is known to have a global minimum

at the symmetric point 7 = % - Z.\/7§7 [179,180] for any value of the parameter s > 0,
with the regularisation (4.3.34) at s = 1. There is no general result for the global
minimum of the Epstein series EfALI ™) for n > 4 and generic s > 0. It would be very
difficult to carry out a complete numerical analysis of the Epstein series for n > 4.
Based on the results above we shall therefore concentrate on symmetric points in

moduli space for which the bilinear form H,, is invariant under a finite subgroup of
SL(n,Z).

The symmetric points in SO(n)\SL(n) are invariant under maximal finite irre-
ducible subgroups of SL(n,Z). The maximal finite irreducible subgroups of GL(n, Z)
have been classified for all n < 10 [181-183]. For n < 4 all the maximal finite
subgroups of SL(n,Z) are stabilisers of an even bilinear form C}, of Cartan type, i.e.

SLCt(n,Z) = {v € SL(n,Z) | 7" Cpy = C1}, (5.2.7)

where (', is proportional to the Gram matrix of an even lattice L. The stabilisers of C,
can then be thought of as the group of automorphisms of L preserving its orientation,
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ie. SLY(n,Z) = Aut,(L). The irreducible maximal subgroups of SL(n,Z) are
associated with the following lattices

n=1: Aq,

Ay, 2A;,
=3: As, A5, 34, (5.2.8)
n=4: Dy, Ay, A, 4A;, 245, Ay x A,

where A,, and D,, are the root lattices of the Lie algebras a,, and 9,, respectively and
Ca, and Cp, can be though of as the associated Cartan matrices.” By L* we mean
the dual lattice of L. A* and D} can be thought of as the weight lattices of the
Lie algebras a,, and 0,, respectively. The reducible maximal subgroups are associated
with the reducible lattices A; + Ao, A;+As and A;+Aj. For Cartan type lattices A,,,
D,, and FE,, the automorphism group is the product of the outer automorphisms of
the Dynkin diagram and the Weyl group of the corresponding Lie algebra

Aut(L) = Out(L) x W(L). (5.2.9)

The automorphisms of the dual lattices A>, D* and E are the same as for A,,
D,, and E,, respectively. In fact by definition we have Cp. = C;' and therefore
SLCr(n,Z) = SL°t(n,Z).

We can easily define symmetric points in SO(n)\SL(n) which we identify with the
space of symmetric positive definite unimodular matrices Hg by He, = (det C' L)’%C L
which has as stabiliser group SLA¢r(n,Z) = SLC (n,Z) = Aut,(L). We also have
He,. = Hg!. Note that since points H € SO(n)\SL(n)/SL(n,Z) are identified by
YIH~y ~ H for all v € SL(n,Z) we will also consider points up to conjugation by
v € SL(n,Z). In fact we shall identify points with their representatives in the Grenier
fundamental domain defined in section (5.1.1).

One easily checks that points H¢, associated with reducible lattices L that are

extrema are always saddle points of SL(n) minimal Eisenstein series. Indeed let
L = L, + Ly be a reducible lattice. He, will be of the form

 (He, 0
HCL_< Cuy H%) . (5.2.10)

5Note that only the root systems of simply laced Lie algebras define even lattices, these are given
by the a,, 0,, and ¢, families, the so called ADE root systems. In any case the Cartan matrices of
non simply laced Lie algebras are not even symmetric and thus can’t even be thought of as Gram
matrices.
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If we assume that L, is a k dimensional lattice and Lo is an n — k dimensional lattice
we can see that this corresponds to a parabolic decomposition (4.1.68) on the maximal
parabolic subgroup Py (4.1.66) with » = 1 and z,,—x = 0. However if we compute
the second derivative with respect to zy,— at @, = 0 of EfALl ™) in the Fourier
expansion (4.1.70) on Py we get
SL(n

DB (Ho)lig, 10
2 4 S .
= S (B e K 2mrZ(D)) (2T (de)?,
fes) & izt

n—k, kGZ

ezn—kgzk  dp|D
rank(Fn_kyk):l

(5.2.11)

where I'(dx) = Tr(I',,—g xdzg n—i). As minus the absolutely convergent sum of positive
terms we can see that this is negative definite. Therefore any extremum at xy,,—; = 0
in a maximal parabolic decomposition P is necessarily a saddle point. This is the
case with all points H¢, associated with reducible lattices L. We will therefore only
analyse symmetric points H¢, associated with irreducible lattices L.

For n = 5 the irreducible lattices leading to a maximal finite irreducible subgroup
of SL(5,Z) are [182]

n=>5: Ds, Di, As, Af, AP, (APH = A, (5.2.12)

where AF? is the Sgi-invariant lattice A5 @ (As+Az) @ (As+A4) that includes the
second fundamental weight Ay, and Af® = A5 @ (As+A3). As expected, we have
checked in Appendix A of [176] that all these points lie on dimension zero boundaries
of Grenier’s fundamental domain as defined in section (5.1.1).

There is another argument for studying points corresponding to bilinear forms of
Cartan type. In some ways it is even more compelling because of three reasons: first,
it relies on specific properties of the Epstein series rather than simply automorphic
invariance. Second, it applies to global minima rather that simply local minima.
Finally, one can also show that this argument holds at large n where lattices of A,
D and FE types are no longer global minima of the Epstein series [184]. Indeed, it
was proven for s > 1 that the global minimum of the SL(n) Epstein series is given
by the solution to the densest lattice sphere packing in n dimensions [185]. The
argument is the following: any point H € Hg can be thought of as the Gram matrix
of some unimodular lattice and H|g| can be interpreted as the distance of the point

6S,, meaning here the group of permutations of order n.
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of coordinate ¢ € Z™ on the lattice defined by H. The SL(n) Epstein series is given
by

1
EpSt™(H) = . 5.2.13
D « Higl® (5213)
q€EZ
For large s this reduces to
’ 1

EpSt™M(H) ~ > (5.2.14)

nearest H[q]s

neighbors

Therefore we can see that the global minimum of the Epstein series will be given by
the lattice that maximises the distance between nearest neighbors. This corresponds
to the densest sphere packing on the lattice. For 2 < n < 8, the densest lattice sphere
packings are known to be the following rank n root lattices [186]

A27 A37 D47 D57 E67 E77 ES' (5215)

However, for the Wilson coefficients appearing in string theory we are interested
in small values of s, in particular s < §. It was observed in [184] that the densest
lattice packing Hy,, cannot be the global minimum of the Epstein series for all s > 0
when the lattice and its dual do not define the same point in SO(n)\SL(n)/SL(n,Z),
i.e. when Hy) o Hy, modulo the action of SL(n,Z). This is a direct consequence of

the functional relations (4.1.44) and (4.1.43) which we give for Epstein series as

(5 —8) gL
EpSlm( gy = p2-3 22 St -1y 5.2.16
S0 (H) to B (5:2.16)
One may therefore argue at most that the densest lattice packing Hy, is the global
minimum for s > %. This is not an issue for us as the values of s appearing in the
Wilson coefficients of string theory are always bigger than 7.

As was suggested in the previous section, it was proved in [184] that the global
minimum of Epr(”) must be strictly negative in the critical strip 0 < s < 7. How-
ever it was proved in [187] that if the density of the lattice defined by H as well as
the density of the dual lattice defined by H~! are below a certain critical value then
EpiL(”)(H ) > 0. As stated earlier, this excludes the possibility that the minimum
at s = 7 be at Hg, for L an ADE lattice for n > 24 and suggests instead that the
densest lattice sphere packing will be the minimum [184]. The densest lattice sphere

packing has been proved to be the global minimum for n = 8 and 24 and all values
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of s > 2 [188].7

The density p(L) of some lattice L is defined as the ratio of the volume covered
by non overlapping spheres at each point of the lattice over the total volume. If we
apply the densest lattice sphere packing criterion to the points (5.2.8) and (5.2.12)
we get

p(An) < p(Dn) < p(En), (5.2.17)

7‘[’24 10

in agreement with the list (5.2.15). The dual lattices D} and A are always less dense
than the lattices D,, and A,, but E* is denser than D, and A, for n = 6,7,8. For
n = 5 one finds

p(A3) < p(D3) < p(A5?) < p(As) < p(AF?) < p(Ds), (5.2.18)

so the densest sphere lattice packing is indeed the lattice D5, and A;r2 is denser than
As. The fact that the D,, series is a better candidate for Epstein minimum than the
A, series for n = 4,5 is also supported by the fact that the Weyl group for D, is
larger that that of A, therefore it is a more symmetric point.®

In the following it will be useful to introduce the following parametrisation of
H, € SO(n)\SL(n)

0 ¥

n

H,=y * (”“Hn_l 02> {]”0‘1 x”l‘l} : (5.2.19)

which basically amounts to the parabolic decomposition (4.1.68) on the maximal

parabolic subgroup P,_; where we have rescaled r = y% / ni-1. When we take Tpo1 =

(,...,2)" and H, , = He,  with C4, given in the fundamental domain by
2 1 1
1 2 .o
Ca, = | , (5.2.20)
Do
1 1 2

then H,(y,z) defines a two dimensional hypersurface in SO(n)\SL(n) with coordi-
nates (y, x). This hypersurface includes all the relevant symmetric points. In fact one

"These correspond to the root lattice Eg and the Leech lattice Aoy respectively.
8In principle one should also take into account the outer automorphisms but we can show that
they do not affect any of our results so we leave them aside.
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gets representatives for the A,,, D, and E, points by

1
He, for r=—,y=vVn+1,
" n
2
He,, for x=-—,y=2, (5.2.21)
" n
3
He, for r=—,y=v9—n.
" n

Moreover for n = 5 one checks that representatives of the Af? and AF® points are
given by

2
5
2 3
e for T=, Y= \/; (5.2.22)

The dual lattice points can be studied in the same way with the inverse matrix or
using the functional relation (5.2.16).

We define the pull-back of an automorphic function on SO(n)\SL(n) to the two-
dimensional hypersurface parametrised by y and = by f.(y,x) = f(H,(y,z)). The
second differential of the pull-back function is given by

D*fu(y,x) = fy AY* + frp dz® + 2f,, dydz (5.2.23)

where fy,, fi, and f;, are the second derivatives of the automorphic function at the
point (y, ).

A,, symmetric points In the appendix A of [176] we have classified the quadratic
polynomials on p = sl(n) ©so(n) which are invariant under the Weyl group W (A4,,) =
Spa1 and we have found two independent invariant polynomials. The two independent
eigenvalues of the Hessian matrix at Hg, can be computed on the two-dimensional

hypersurface H,(y,z) at y = vn+1 and z = +.

The second differential of the pull-back function (5.2.23) can be decomposed on
the two independent S,,;; invariant polynomials to give

2 n—1 n%(n—1)—2n
DL rrems = 0 g (Mo nde?) a2 g

n n n+1
(5.2.24)
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for two coefficients a; and a_ determined by the second derivatives of the automorphic
function at the symmetric point. In particular

n—1 2n (n*(n —1) — 2n)
=2 r —
Fun n(n+ 1) Joo = S T n+1

a, fo=0. (5.2.25)

Hence the condition for the symmetric point A,, to be a local minimum of the auto-
morphic function f is that a; > 0 and a_ > 0, which is equivalent to the condition
that

7’L2

for n > 3. It is therefore sufficient to study the pull-back function f.(y,z) to de-
termine if the symmetric point A, is a local minimum of the automorphic function

f(H,) on SO(n)\SL(n). The complete proof can be found in [176].

We have carried out this computation numerically for the Epstein series and found
that the A, symmetric point is always a local minimum for s large enough, but the
eigenvalue a_ becomes negative for small s for n > 4, giving a saddle unstable along
the corresponding W—dimensional hypersurface.” It is always a local minimum

for n = 2,3. For n = 2 the point Ay is equal to Hg, = H, (see (4.1.73)) with
T = % + 1‘/73 the global minimum for all s > 0. For n = 3 the point Az is also the

global minimum for s > 3 [184], including for the regularised series Ep?(s) defined in
(4.3.34). We find that it is a local minimum for s > 1 for SL(4), and for s 2 3.16603
for SL(5). For SL(6) and SL(7) one finds similarly that it is not a local minimum
for s < s4, with sy, slightly above the critical value §. Most importantly for us, it is

not a local minimum of the Epstein function Eng(E’) that defines the leading Wilson
2

coeflicient in 7 dimensions.

D,, symmetric points In section 4.2.2 of [176] we have classified the quadratic
polynomials on p = sl(n) ©so(n) which are invariant under the Weyl group W (D,,) =
S, x Z5~ " and we have found two independent invariant polynomials.'” The two in-
dependent eigenvalues of the Hessian matrix at Hc,, can again be computed on the

9For n = 2 this hypersurface does not exists as we can see from (5.2.24) where the coefficient of
a_ vanishes. In this case (5.2.26) reduces to fro = 4fy, > 0.

OFExcept for Dy where the triality symmetry implies that there is a unique invariant quadratic
polynomial.
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two-dimensional hypersurface H,(y,z) this time at y = 2 and = = %

The second differential of the pull-back function (5.2.23) can be decomposed on
the two independent S, x Z5~! invariant polynomials to give

n*(n —1)

1
dy? + a_deQ ) (5.2.27)

n —

D2f* (yv l’) |y:27x:% = 04

for ay and a_ the two eigenvalues of the Hessian of f at the symmetric point. In
particular

n—1 2(n—1)

n
f yy — a4, f T — 9
Hence the condition for the symmetric point D,, to be a local minimum of the auto-

morphic function f is that a;. > 0 and a_ > 0, which is equivalent to the condition
that

a_, fu=0. (5.2.28)

Joz >0, fyy > 0. (5.2.29)

It is therefore also sufficient to study the pull-back function f,(y,x) to determine if
the symmetric point D,, is a local minimum of the automorphic function f(H,) on
SO(n)\SL(n). The complete proof can be found in [176].

One finds by numerical evaluation that the D,, symmetric point is indeed a local
minimum of the Epstein series Epf L) for all s and n < 7. We do not expect this to
be true for arbitrary large n, but this is not relevant for the study of Wilson coeffi-
cients of string theory. We find in particular that among all symmetric points, the D,
symmetric point gives the minimum value of the Epstein series Epf L) for n = 4,5
and s > 2" leading to the conjecture that D, is the global minimum.

Ar and D} symmetric points The analysis of the polynomials in p invariant under
the automorphisms of the lattices A and D} gives by construction the same number
of invariant polynomials as A,, and D,, respectively. In fact one easily extends all the
results of the previous two paragraphs to A’ and D; using the functional relation
(5.2.16).

For large values of s, the Epstein series evaluated at the dual symmetric points
Dy and A} is larger, as expected from the sphere packing density argument. By

' Note that the root lattice Dy is self dual so that Hg,. and H Cp, define the same point. Therefore
4
the D4 symmetric point is the lowest value for all s > 0.
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n

the functional relation (5.2.16) this must be the opposite for s < %, and in par-

ticular a symmetric point and its dual give the same value at s = %. Accord-
ingly, there is always a value of s, > 2 where Ep“"(Hc, .) = Ept™ (Hc ,,) and

EpsSL(")(HCD*) < Epr(”)(HCAn) for s < s.. The numerical evaluation for n < 5 shows
that there is only one such transition, and that EpS“™ (He, . ) — EpSt™ (H, ,,) and
Epr(”)(HCDn) - EpSL(”)(HCD;) have only one zero at s = s, and s = 7, respectively.

S

AF? symmetric point The symmetric point AF? admits the same symmetry Sg as
the point A; and its dual Af. One obtains that the condition for the Hessian of the
function f to be positive definite is (5.2.26) for n = 5, as for the A5 symmetric point.
We have checked these conditions numerically and found that the symmetric point
A;2 is a local minimum of the Epstein series Epss LG) for s 2> 2.8849. Below this value
the second derivative with respect to y is negative and the saddle is unstable along 5
directions.
In the critical strip % <s < g we find that

S

Epr(S) (HCD5) < EpSL(E))(HCDg) < EpsSL(B) (HC'A+2)

5

< Bpi"O(He, ) < Bpl*O(He,,) < Bpl*O(Ho,),  (5:230)

s
5

and only D5 and D; are local minima.

E¢, E7 and Eg symmetric points We shall be very brief about these cases since
they are not relevant to the analysis of the Wilson coefficients of string theory in the
dimensions D > 6. One finds in these three cases that the Weyl groups W (E,,) is
large enough to impose that there is a unique invariant quadratic polynomial on p. It
is therefore sufficient to check that the Epstein series is negative in the critical strip
to ensure that the E, symmetric point is a local minimum for all values of s. One
finds indeed by numerical evaluation that the F, symmetric points are local minima
for all values of s, and among all symmetric points we have checked they give the
smallest value of the Epstein series Ep;9 L) for all values of s > %.12
In the critical strip § < s < 4 we find that

S S

Epi* ™ (He,,) < Epi"(He,,) < Ep""(He,,)

< Ep""(He,,) < Ep*"(He,,) < Epi*™(He,,).  (5.2.31)

n=6,7 s s s

12We have only checked symmetric points of Cartan type A,, D,,, E, and their dual. This exhausts
all maximal irreducible symmetry groups for n = 7, but not for n = 6,8 [182].
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Ag X A% symmetric points for d|n  For n not prime one can also have symmetric
points associated to irreducible bilinear form that are tensor products of lower di-
mensional bilinear forms. For example for n = 4 one has A; x Ay. More generally
one can have Ay x A% for d dividing n. For n < 8 the possible lattices are less dense
than F,,, D, and A, but one checks that in the critical strip

S S

EPSL(4)(HCD4) < EpsSL(4)(HCA2XA2) < EpSL(4)(HCA4) ) (5’2‘32)

So the ordering is reversed with the A4 lattice at low values of s. Nevertheless, the
symmetric point D, remain the global minimum of Epr(4) for all value of s > 0.

5.2.3 SO(n,n) symmetric points

We identify (SO(n) x SO(n))\SO(n,n) with the space of matrices whose symmetric
part is positive definite H. To define symmetric points in (SO(n) x SO(n))\SO(n,n)
we start with the assumption that the symmetric part G is itself a symmetric point
of SO(n)\GL(n). From the previous section we find that G is then proportional to
the Gram matrix C, of an even lattice L, and the relevant solution will turn out to
be

1
G= §OL’ G+ B=0modZ. (5.2.33)
One finds in this case that the vectors g4
1
g+ = §G_1 (m+ (B£G)n), (5.2.34)
for m,n € Z" satisty
¢+ —q- €Z". (5.2.35)

On the other hand the ¢+ belong to the dual lattice L* = CEIZ”. By construction
we can decompose any element r € L* of the dual lattice as r = [+ p with [ € L and
p € L*/L. Tt follows that G, B describes the isomorphism

D= B (L+p) o (L+p)[-1]) . (5.2.36)

uweL* /L

If L is the root lattice of some simply laced lie algebra g then L*/L is the weight
lattice of g modulo roots of g. This is therefore a subset of the set of dominant
weights. For A,, we have Af/A, = {0,A4,...,A,} and for D,, we have D}/D, =
{0, A, Ao, Ay, AT

202



We can identify the space of matrices whose symmetric part is positive definite
with the space of invariant symmetric positive definite unimodular matrices where the
isomorphism is given by (3.5.14). We now consider a point (5.2.33) for L of Cartan
type, that we write

_(C, 0\ [c;t CING+ B)
HCL,B - < 0 CL> |:C;1 CL_l(—G+B) : (5237)
Therefore we have
N Cr 0 q+
HCL,B[Q] - ( 0 CL) |:q_:| 3 (5238)

with ¢ = (m,n)T for m,n € Z" and with ¢s defined in (5.2.34). Hence for any pair
of elements v+ € Aut(L) such that

Yop =y_pmod L, (5.2.39)

for all u € L*/L, one has an automorphism v € O(n,n,Z) of the split signature
lattice II,, , that preserves the symmetric matrix He, p

T -1 -1
T _ 7+CL7+ 0 Cr C. (G+ B) _

For Cartan type lattices A,, D, and E, the Weyl group preserves all weights u €
L*/L, so one has the automorphism group

Aut(IIy,) = Out(L) x W(L) x W(L). (5.2.41)

In particular, the v+ can be two independent elements of the Weyl group of the
Cartan type lattice L. Therefore He, p defines a symmetric point of (SO(n) x
SO(n))\SO(n,n) with stabiliser group SO"cw-2(n,n,Z) = Aut (II%,). The dif-
ferent representatives of B simply correspond to different representatives in different
fundamental domains, as before we consider H¢, p to be in the Grenier fundamental
domain defined in section (5.1.3).

The density argument also has its analogue here. Let us write Hg glq] and (g, q)
as defined in (3.5.13) and (3.5.15) as

He pla) = pr(9)* + pr(9)? (5.2.42)

and
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(4,9) = pr(9)* = pr(a)®, (5.2.43)

where pr.(q)? (resp. pr(q)?) is the euclidean scalar product of py(q) (resp. pr(q)) with
itself. We can think of p; and pgr as projectors onto the n dimensional hyperspaces
of positive and negative definite signature respectively in R™". Indeed, by definition
the group SO(n,n) preserves this splitting of the signature. In particular it rotates
maximal (i.e. n-dimensional) definite signature hyperspaces into each other and one
can get all maximal definite signature hyperspaces from the action of SO(n,n) on
any maximal definite signature hyperspace. In other words the group SO(n,n) acts
transitively on the space of maximal definite signature hyperspaces. On the other
hand the group of transformations preserving any single maximal definite signature
hyperspace is SO(n) x SO(n) which corresponds to rotations inside the hyperspace
plus rotations orthogonal to the hyperspace, both of which preserve the hyperspace.
Therefore (SO(n) x SO(n))\SO(n,n) can be identified with the space of all maximal
definite signature hyperspaces. Therefore a point in SO(n) x SO(n)\SO(n,n) is
equivalent to a choice of projectors p; and pr onto the two n dimensional definite
signature hyperspaces. We can use (3.5.13) and (3.5.15) to solve explicitly for p; and

Pr as

pula)? = 3G b+ (B + Gn] =26l

pr(q)? = %G_l[m +(B— Gl = 2G]q ], (5.2.44)

with ¢ = (m,n)T for m,n € Z" and with g4 defined in (5.2.34). Therefore we can
write the Narain theta series (3.5.16) as

Z e~ ImT He,pla]+im Re m(¢,q) _ Z eimTpL(0)?—inTpr(9)® (5.2.45)

qeﬂn,n qeﬂn{ﬂ

If we choose G, B of the form (5.2.33) we can decompose ¢+ = L + p with i1 € L
and p € L*/L. Therefore we have

Z i PL(@)?—inTpr(9)? _ Z Z T Crlly+pl—inT Cp [l +p] (5.2.46)

Hence the isomorphism (5.2.36) is expressed for the Narain theta series as

E e—FImTHCLyB[q]-‘r’L‘ﬂ' Re7(q,9) _ § E eiWTCL[H—;L]

q€llnn peL*/L | leL

2

(5.2.47)
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Therefore using (4.1.58) we can write

!/

e d*r ~
Ep;?"™) (He, ) = I'(s) /Im7>o )’ > eTrimr e plirinRer (1)
ReT|<% q€ln,n
’ 1
= > > - (5.2.48)

Crll+4p)=Crl—+u]

where the prime removes the point [ = 0 for 4 = 0 only. At large s, the leading term
in Epfo("’")(chB) is proportional to the smallest length of a vector in L* to the
power —2s, and one obtains a minimum for the even lattice with the largest possible
minimal length of a vector in L*. Although this is not exactly the same criterion as
for the densest lattice sphere packing, it gives the same ADFE classification (5.2.15)
for n < 8.

One then finds for all irreducible Cartan type lattices L, that the unique invariant
quadratic polynomial is the quadratic Casimir. The proof for A, and D,, is given
in [176]. According to the discussion of section 5.2.1, we conclude that the He, g
and H¢,, p symmetric points are local minima of any SO(n,n) Eisenstein series in
the domain of absolute convergence. We have checked numerically that Epss 069 jg
negative for both He, p and Hey, g at the critical value s = 3 relevant in the string
theory Wilson coefficient. Therefore the symmetric points Hg 45:B and HCD57B are
local minima. The point Hey, g is a lower value than the Hce, g symmetric point
and we conjecture that it is the global minimum of the Epstein series.

S0O(3,3) and SL(4) Because of the isomorphism SO(3,3) = SL(4) it is relevant

to compare the results we have obtained for SO(n,n) and SL(n) in this case. The

Epstein series of SO(3,3) and SL(4) are related at the special s value by prfO(?”g) =

EprM) with the identification of the SL(4) matrix

— 2 4%H3 0 Iy x3| 1 G 0 Is xB
e ( 0 %) {0 1]_detG(0 (detG)2> {0 1}- (5.2.49)

Therefore we have Hy = (det G) 3G, r = y2 /43 = (det G)3 and 23 = xB. The two
dimensional hypersurface Hy(y,x) in SO(4)\SL(4) is given by G(y), B(x) such that
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2 1 1 0 1 -1
G:% 1 2 1|, B=z|-1 0 1], (5.2.50)
11 2 1 -1 0

so that the SL(4) D4 symmetric point of coordinates y = 2, x = 1/2 corresponds to
the SO(3,3) Az symmetric point,

1 110
G = §C'A3 , B+G=101 1], (5.2.51)
1 01
while the SL(4) A, symmetric point of coordinates y = /5, x = 1/4 gives
2 1 1 0o 1 -1
5 1
G = % t2o1), o B=g|-1 0 1. (5.2.52)
1 1 2 1 -1 0

We find consistently that the conjectured global minimum of the SL(4) Epstein se-
ries at the D, symmetric point agrees with the conjectured global minimum of the
SO(3,3) Epstein series at the A3 symmetric point. One finds that they have the same
automorphism groups

Aut(II}%) = Zy x (S1 x S1) = S3 % (S5 x Z3) = Aut(Dy), (5.2.53)

because of the triality automorphism of D,. This also explains that there is a unique
invariant quadratic polynomial in the case of D, for SL(4) as described in the previ-
ous section.

We believe this is evidence that the Epstein series Epfo(”’”) admits its global
minimum for all s > 0 at the symmetric point H¢, p for the Cartan type best packing
lattices (5.2.15).

5.3 Results

Let us now give our result for the minima of the leading and next to leading Wilson
coefficients of maximally supersymmetric string theory as given in section 4.3.

11 dimensions In D = 11 dimensions there are no moduli and the Wilson coeffi-
cients (4.3.63) and (4.3.64) are constants. They are given by

272
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for the leading Wilson coefficient and by

5(1,0) - O, (532)

for the next to leading Wilson coefficient.

10A dimensions The type IIA minimal Wilson coefficient (4.3.6) reaches its min-
imum value at e?min = 3¢ (3)2 &~ 1.04697. At this point the minimum value is given

by
87r% ¢
3v/3

The next to minimal Wilson coefficient (4.3.12) reaches its minimum value at a very

E0.0)(Bumin) = (3)% = 8.97665 . (5.3.3)

similar point e®min = ;/%[—175{(5)% ~ 1.04611. At this point the minimum value is given

by

8 x 2%71'g 3
E min) = ————((D)8 &~ 2.47047 . 5.34
(1,0)(¢ ) 15 % 15% C( ) ( )

10B dimensions The type IIB Wilson coefficients (4.3.8) and (4.3.13) both reach
their minimum value at the same point He, = H. for 7 = % + 2‘/73 At this point
the Epstein series Epr(2) can be written as the zeta function over Q(1/—3) [179]

B (He,) = 3 (,;I:m%as) (c(s3)-<(s3)) . 639

T

z€Z(e’3")

where ((s,a) is the Hurwitz zeta function. Therefore the minimum value of the
Wilson couplings is given by

31 (3 31 32
5(0,0)(90min) = %C (5) (C (5, g) — C (5, §)> ~ 8.89275, (536)

for the minimal Wilson coupling and

1 ) 5 1 5 2
g(l,O)(@min) = mC (5) (C (5, g) —C <§, g)) ~ 235975, (537)

for the next to minimal Wilson coupling.
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9 dimensions In D = 9 dimensions the minimal Wilson coefficient (4.3.18) reaches

its minimum value at ru, = 255¢ () (€ (2.2) = € (2.2)) ~ 101365 and He,, =

H, for 7 = % + 2‘/7?: At this point the minimum value is given by

Tnt 3 31 3 2\\\”

The next to minimal Wilson coefficient (4.3.25) reaches its minimum value at a very
similar point 7, ~ 1.01377* and HCA2 = H, for 7 = % + z*/Tg At this point the
minimum value is given by

We can see that the leading Wilson coefficients are indeed always positive for D > 9
because the Eisenstein series are in the domain of absolute convergence. This is
consistent with the positivity bound imposed by unitarity (5.0.3).

8 dimensions D = 8 is the critical dimension where the one loop supergravity am-
plitude and the leading Wilson coefficient are of the same order therefore no positivity
bound can be imposed by unitarity. Actually we saw in section 3.5.2 that in this di-
mension both are separately diverging and they can only be made sense of together.
We also saw in sections 3.5.2 and 4.3.3 how to properly define the regularised Wilson
coupling whose specific value depends on some renormalisation scale ;4 which cancels
in the complete amplitude.

In D = 8 dimensions the Wilson coefficients (4.3.32) and (4.3.40) both reach their
minimum value at the same point He, X Hc,, . If we choose p =1 /lp the minimum
value of the Wilson couplings is given by

. 2
He, )+ 2Bp, ) (Ho,,) + —on — 47 In(27) ~ 15.2363,

(3)
( 3
(5.3.10)

. SL
E0,001/1p (Pmin) = Epg

for the minimal Wilson coupling [176]'* and

1
£0.0)(Pumin) = §Ep§L(3)(HcA3) - 4Epfg(3)(HCAS)Eng(2>(HCA2) ~10.7196, (5.3.11)

13The exact values are too cumbersome to give here but are not hard to find by extremising
(4.3.25) with respect to 7.
M There is an error in our article [176] and the correct value is indeed the one given above.
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for the next to minimal Wilson coupling [176].'°

7 dimensions In D = 7 dimensions the Wilson coefficients (4.3.46) and (4.3.54)
both reach their minimum value at the same point He,,_ . At this point the minimum
value of the Wilson couplings is given by

£0.0)(Prmin) = Ep§L<5)(HCD5) ~ —9.50663 , (5.3.12)

for the minimal Wilson coupling [176] and

1+ SLE) @ ~SL(5
Eno)(pmn) = 3Ep3  (Hop,) + 1—5C(5)EgA§ '(He,,) ~ 26.2315, (5.3.13)
for the next to minimal Wilson coupling.'®

6 dimensions In D = 6 dimensions the leading Wilson coefficient (4.3.60) reaches
its minimum value at the point Hc,, . At this point the minimum value of the
leading Wilson coupling is given by [176]

£0.0)(Prmin) = Epgo(S’B)(HCDyB) ~ —3.445. (5.3.14)

We can see that the global minima of the leading Wilson coefficients are indeed always
negative D < 7 because the Eisenstein series are in the critical strip. This is also
consistent with unitarity as the contribution of the leading Wilson coefficient to the
amplitude is subleading with respect to the one loop supergravity amplitude, see [189]
for example.

5The fact that the minimum for the next to minimal coupling is also reached at Hc¢ as X Hey,
instead of H¢,, x He 4, 1S mON trivial and was checked numerically.
3

16The fact that the minimum for the next to minimal coupling is also reached at Hc,, instead of
Hc,. is non trivial and was checked numerically. This will be the subject of an upcoming article.

209



210



Chapter 6

Conclusion and outlook

In this thesis we have tried to present in a coherent and mostly self contained way the
context and results of this PhD. We have first presented in the introduction the wider
context in which this PhD fits in: that of quantum gravity. We have introduced the
concept of effective field theory which is the modern way to view quantum field theory
from the high energy standpoint and in our opinion is the also the ideal framework
to talk about quantum gravity. We have then talked about the S-matrix bootstrap
program as a way to put constraints on effective field theories via bounds on the
scattering amplitudes using only very general and widely accepted physical principles
such as causality and unitarity. Finally we have presented the string theory approach
to quantum gravity and its effective field theory formulation: the swampland program.
We argued that symmetry may in fact uniquely constrain the effective field theory of
maximally supersymmetric quantum gravity leading to a potential verification of the
string lamppost principle.

In the second chapter we gave a brief review of superstring theory. We derived
the massless spectrum of type II string theory in the canonical covariant quantization
procedure. We then talked about the various supergravity limits of string theory and
M-theory and their anomaly cancellations. Finally we reviewed the web of dualities
linking the different critical superstring theories and M-theory together.

In chapter 3 we talked about string amplitudes. We reviewed the structure of
string perturbation theory and constructed the moduli space of genus 0, 1 and 2 string
amplitudes. We then talked about factorisation properties specific to maximally su-
persymmetric amplitudes. Using the formalism of spinor helicities and superspace we
proved the sewing relations in 6 dimensions and showed that the unitarity properties
of the full superamplitude reduce to the unitarity properties of the scalar amplitude.
We then derived the low energy limit of genus 0, 1 and 2 string amplitudes of type
IT superstring theory compactified on a torus and compared the result to maximal
supergravity amplitudes. We showed using tropical geometry and tropical limits that
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the low energy limit of maximally supersymmetric string theory reproduces the super-
gravity amplitudes with the addition of some higher order Wilson operators. We also
saw that UV divergences in dimension 8 supergravity can be linked to divergences in
Wilson couplings of the same order and we showed how to properly regularise each
term in the finite string amplitude.

In the fourth chapter we gave a mostly self contained review of automorphic
forms and Eisenstein series. We also talked about parabolic subgroups and gave
the parabolic Fourier decompositions of relevant Eisenstein series. We then reviewed
the notion of U-duality for the case of maximally supersymmetric string theory. We
showed that maximal supersymmetry along with U-duality entail a certain set of
constraints for Wilson coupling that is uniquely solved by Eisenstein series in some
case. We gave these couplings in the leading and next to leading case for dimensions
11, 10, 9, 8, 7 and 6 and showed that they obeyed the right degeneration limits.

Finally in chapter 5 we talked about our main result for the minima of these
Wilson couplings in dimension 8, 7 and 6. We first reviewed the notion of a funda-
mental domain and Grenier’s construction for an SL(n) fundamental domain which
we extended to a more general setting. We then gave arguments to consider so-called
symmetric points located at corners of fundamental domains as potential candidates
for minima of automorphic forms. We analysed special symmetric points for the rel-
evant cases of SL(n) and SO(n,n) and gave additional density arguments specific to
Epstein series to conjecture the global minima. Finally we gave our results for the
minima and minimum values of leading and next to leading Wilson coefficients in
dimension 11, 10, 9, 8, 7 and 6.

The natural continuation of this work is to compute the lower bounds on the
Wilson coefficients coming from the S-matrix bootstrap side and compare the result
to see if the string lamppost principle appears to be verified or not. This remains
to be done for the leading Wilson coefficients in dimension less or equal to 8 and for
the next to leading coefficient in any dimension as far as we know. In both cases the
complication is that the Wilson coefficient is subleading with respect to some other
term but it is a priori doable by modifying the ansatz for the amplitude [190].!

Another natural extension of this work is to dimensions lower or equal to 5 with
dimension 4 being of natural phenomenological interest. Apart from the obvious com-
plication that the moduli space is larger and thus the numerical analysis is harder to
perform there is also the theoretical complication that the groups involved are actual
exceptional groups rather than the much simpler special linear or special orthogo-

!The next to leading Wilson coupling is obviously subleading with respect to the leading Wilson
coupling and the one loop supergravity amplitude in all dimensions but also with respect to the two
loop supergravity amplitude in dimension less or equal to 7 which makes unitarity bounds for this
coefficient very hard to extract in general.
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nal groups. On the S-matrix bootstrap side the ansatz would also need to take into
account that the two-loop amplitude also becomes leading with respect even to the
leading Wilson coupling and one also has to take care of IR divergences in 4 dimen-
sions.

Finally on the subject of supersymmetry and string unity we would like to mention
a final project which we have worked on during the course of this PhD but which we
have decided not to include in this thesis for the sake of brevity and coherence. This
project involves looking at causality constraints coming from massive gravitons in
supersymmetric theories. Indeed there have been some results suggesting that mas-
sive gravitons generically have large polynomial growth in their amplitudes which are
incompatible with unitarity and therefore put very restrictive bounds on theories con-
taining them [18]. However it seems that those large growths can cancel each other
out in very specific configurations involving an infinite tower of massive gravitons
with specific selection rules. For example this is the case with Kaluza Klein com-
pactification where the growths are not more severe than in the higher dimensional
massless theory [191-193]. We therefore looked at N = 1 supersymmetric theories in
four dimensions involving massive gravitons for which we derived the susy multiplet
and linearised susy transformation rules by Kaluza-Klein reduction. We then com-
puted the stress energy tensor multiplet truncated at the quadratic order and found
that there is a unique theory with consistent couplings to gravity. It then remains to
study the growths appearing in the amplitudes defined by such couplings and see if
the cancellation of those growths implies an infinite tower of massive gravitons.
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1 Introduction

Superstring theory on asymptotically flat spacetimes defines a large number of scattering theories
including gravitons. In the low energy limit, the scattering amplitudes behave as quantum field
theory amplitudes. In spacetime dimensions larger than four, the corresponding S-matrices are
well defined and must therefore satisfy the usual quantum field theory conditions of analyticity,
crossing symmetry and unitarity. A string theorist may wish that all consistent quantum gravity
S-matrices could be obtained in superstring theory. Assuming this is the case, one can in principle
derive constraints on consistent effective field theories that would not be visible in perturbative
quantum field theory. This is often used in the swampland conjectures, see [1] for a review.
A more humble conjecture, and maybe more realistic, is that all consistent quantum gravity
theories with extended supersymmetry could be formulated as superstring theories. In this
paper, we wish to study this question for maximally supersymmetric theories.

Type II superstring theory on the Cartesian product of D-dimensional Minkowski spacetime
and a compact torus admits the maximal number of supersymmetries. The low energy effective
theory is then maximal supergravity in D spacetime dimensions and the scattering amplitudes of
massless states can in principle be described in supergravity using the Wilsonian effective action
obtained by integrating out massive string states. In practice one first computes the perturbative



string amplitudes and compare them with the supergravity amplitudes with operator insertions
to deduce the Wilsonian effective action [2-4]. The effective action is highly constrained from
supersymmetry and U-duality [5-22]. The leading Wilson coefficient is completely determined
by supersymmetry, U-duality and anomaly cancelations, provided one requires consistency in
the decompactification limits.

It is commonly believed that type II superstring theory on a torus is the unique consistent
quantum theory with maximal supersymmetry. One may therefore expect that the superstring
S-matrix of massless states in a maximally supersymmetric vacuum covers all possible S-matrices
satisfying analyticity, crossing symmetry, unitarity and maximal supersymmetry, as well as all
the required anomaly cancelations. These consistency conditions can be analysed within the
S-matrix bootstrap initiated in [23-25]. A lower bound on the leading Wilson coefficient was
computed in [26,27] in maximal supergravity in D = 9,10, 11 dimensions, using the constraints
from the two-to-two S-matrix. The unitarity bound was found to be close below the minimal
value these Wilson coefficients can take in string theory and eleven-dimensional supergravity.
The unitary bounds derived in [26,27] are not sharp since they neglect non-elastic contributions
to the optical theorem. Only integrability in two dimensions provides non-trivial examples of
purely elastic S-matrices [28,29], and taking particle production into account is expected to raise
the bound on the leading Wilson coefficient [30]. So one may conclude from [26,27] that string
theory does indeed seem to saturate the sharp unitarity bound.

The case of D = 11 is particular because there is no moduli and the leading Wilson coefficient
is a fixed number in M-theory. It is determined by the cancelation of the M5-brane anomaly
[31,32]. One may argue that this anomaly inflow argument is independent of string theory [33],
so that there should not be any consistent theory in eleven dimensions with a different value of
the leading Wilson coefficient. Supersymmetry also fixes the next-to-leading Wilson coefficient
and the first Wilson coefficient to be determined by unitarity and crossing symmetry multiplies
VERY.

In D < 10 the leading Wilson coeflicient is a function of the moduli and can take arbitrary
large values, such that all the values consistent with the S-matrix unitarity bound seem to be
covered by the string theory amplitude in D =9 and D = 10 dimensions.

The analysis of [27] can in principle be generalised to all spacetime dimensions 5 < D < 11.
However, one must modify the amplitude ansatz in dimension D < 8 to include the contribution
from the supergravity one-loop amplitude in the low energy limit. In D = 5 one would further-
more need to include the contribution from the two-loop amplitude. Although it is technically
challenging to include the one-loop correction in the S-matrix bootstrap method, it is a priori
doable, see for example [34].

On the string theory side one needs to find the minimum value of the leading Wilson
coefficient. It is a maximal parabolic Eisenstein series of the U-duality group in D dimen-
sions [6,11,17,35,36]. In particular for the type IIB superstring amplitude in ten dimensions
it is a real analytic Eisenstein series 2((3)E3/,(S) on the upper complex half-plane [6]. The

minimum is known to be at the Zs-symmetric point S = 1++‘/§ [37]. In dimension D < 8 the



leading Wilson coefficient is again a specific Eisenstein series of higher rank groups associated
to their minimal automorphic representation [16,17]. The SL(3) Epstein series relevant for the
leading Wilson coefficient in D = 8 dimensions has been studied numerically in [38]. The global
minimum was found to be at the point in moduli space defined by the unimodular symmetric
matrix proportional to the Gram matrix of the lattice As. Finding minima of Eisenstein series
is generally an open problem, and is the subject of this paper.

We provide strong evidence that the global minimum of the SL(N) Epstein series EpY (H)
is obtained at the unimodular symmetric matrix H = Hg, proportional to the Gram matrix of
the densest lattice sphere packing in NV dimensions for all s > %. It is proved for asymptotically
large s in [39]. We prove that the densest lattice sphere packing Gram matrix Hqp, is a local
minimum of the Epstein series for all s and N < 8. We identify candidates for local minima as
symmetric points and we checked that the lowest minimum is at Hgy, numerically. For N =5
we study the leading Wilson coefficient in D = 7 dimensions on several surfaces containing Hqy,
in moduli space and find each time that it is a global minimum on these surfaces.

We generalise this analysis to the Spin(5, 5) Eisenstein series appearing as the leading Wilson
coefficient in D = 6 dimensions and find strong evidence that the global minimum is at the
W (Ds) x W(Ds) symmetric point. This point is the analogue of the point of enhanced Spin(10)
symmetry in perturbative heterotic string theory on 7.

One striking feature is that the leading Wilson coefficient can always be negative in dimension
D < 8. This is not in contradiction with unitarity because the leading Wilson coefficient is
subleading with respect to the supergravity one-loop correction for D < 8. One therefore
expects the Wilson coefficient to possibly be negative, and comparable to the one-loop correction
at Planck scale [40].

The FEisenstein series appearing in the Wilson coefficients are absolutely convergent when
they are dominant compare to the loop corrections, and defined by analytic continuation when
they are subleading [41,42]. It follows that the Wilson coefficient are necessary positive when
they are dominant, and can always be possibly negative when they are subleading, consistently
with unitarity. We will show indeed that the global minimum of an Eisenstein series is always
negative in the critical strip, where it cannot be defined as an absolutely convergent sum.

The paper is organised as follows. In the second section we give some notations and sum-
marise our results. We define a fundamental domain for the various moduli spaces of interest
in Section 3. In Section 4 we give the main results leading to the conjectured minimum of
Epstein series at symmetric points and in particular prove they are local minima. We discuss
the specific case of dimension 8 in Section 5, where the splitting of the string amplitude into
analytic and non-analytic pieces is ambiguous due to a logarithmic divergence. In Section 6 we
expose numerical checks of our conjecture.



2 Notations and summary of the results

The four-graviton superstring amplitude on R197¢ x T? factorises in the form

2 4
My = —i%tgtg [] B(ka, ca)Als, t.u, ) (2.1)

a=1

where A(s,t,u, ) is invariant under permutations of the three Mandelstam variables and is a
function of the moduli ¢ in K(Eg11)\Egt1(a4+1)/Ear1(Z) [43]. We define the Planck length in
D =10 — d spacetime dimensions as

1
K = S (2m) (2.2)

and the D-dimensional effective string coupling g, = e?/,/vg in terms of the ten-dimensional
dilaton ¢ and the volume V; = (27va/)%y of T?, such that

__4
of =g, 2 (2.3)
In the low energy limit, one can write
64 7—d p8—d 6
Als.tyu,p) = — 4 32(2m) 07 (La(s, 1) + La(t, w) + La(u, ) + b ()

tu
00 2 2 2 15—2d
+ S0 4 u) + o) (2.4)

so that the leading Wilson coefficient £5&,,() is between the one-loop and the two-loop su-
pergravity corrections for D = 6,7,8. It is equal to the maximal parabolic Eisenstein series

Ei () = ATE(d — 2) ! (2.5)

d—2
S a1

where Agy1 is the fundamental weight associated to the electric charges representation in D
dimensions and &(s) = 7~%/2T'(s/2)((s) is the completed zeta function. In D > 7 it can be

written in terms of SL(N) Epstein series defined by analytic continuation of the sum >
1
N _ - SL(N)
Ep)(H)= Hpp 20(2s)Egy, (H) - (2.6)
nezZN~{0}

With this definition one has .

Eoo(p) = Eps(H) , (2.7)
in seven dimensions [11]. We conjecture that the global minimum is at the densest sphere lattice
packing point Ds

5

Ep%(Hdlp) ~ —9.50663 . (2.8)

2In this paper we use Epf to distinguish the Epstein series normalisation used in the original papers [6,11,35]

from the Langlands Eisenstein series normalisation Ef,fi“‘v) more commonly used since [17,36].



In eight dimensions one must take into account that the one-loop supergravity amplitude
is logarithmically divergent, and so are the Epstein series appearing in &) (). One must
therefore introduce an appropriate renormalisation

~ 3 ~ 2 221
Eoonulp) = Epg (H) +2Ep, (U) + —= — drIn(2nlep) , (2.9)

~ 3 ~ 2
where the renormalised Epstein series Ep 3 and Ep; are defined as in [36]. The renormalisation
scale p cancels in the complete amplitude, and the specific finite number is determined by our
definition of the 1-loop box integral, as we explain in Section 5. Choosing 1 = 1/¢p, we find the
minimum value
g<0~0)7ﬁ(<‘0dlp> ~ 15.2363 . (2.10)

In eight dimensions it also makes sense to include the next-to-leading Wilson coefficient
1_3 3 2
Eun(p) = S BBy (H) — 4Bp_ (H)BB,(U) (2.11)
while neglecting the two-loop supergravity integral. One computes the value at the minimum
Eao)(arp) =~ 10.7196 . (2.12)

In six dimensions the leading Wilson coefficient is written similarly as the vector representation
Eisenstein series of SO(5,5) [11]
5,5
oo (p) = Eps (H) . (2.13)

We conjecture the global minimum to be at the point of enhancement Spin(10) symmetry

Ep} (Hp,) ~ —3.445 . (2.14)

3 Fundamental domain of K\G/G(Z)

In order to determine the minium of an automorphic function on K\G/G(Z), it is useful to
find an appropriate fundamental domain F for the action of the arithmetic subgroup G(Z) on
the symmetric space M = K\G. Here we assume that G is a simple group of real split form
different from FEg, Fy or G, and G(Z) is its Chevalley subgroup associated to the weight lattice.
This includes in particular the locally symmetric spaces relevant for the type II string theory
effective action in dimensions greater than four.

Let us first recall the definition of a fundamental domain. One defines a free regular set
F C M as an open set in M such that any point in M can be mapped under the action of
G(Z) to its closure F in M

F=FcM, (3.1)

and for any element v € G(Z) acting non-trivially on M one has

NFNF=0. (3.2)



It is required that OF = F F is of measure zero in M. We then call F a fundamental domain
of G(Z) in M. Equivalently one can define F to satisfy

U w7F=M, ~FnFcorF. (3.3)
v€G(Z)

There is generally no canonical fundamental domain. A first fundamental domain was intro-
duced by Minkowski for G(Z) = GL(N,Z) acting on SO(N)\SL(N) [44]. Grenier then defined
a different fundamental domain for GL(N,Z) that is easier to generalise to arbitrary simple
groups [45]. In this section we shall first review Grenier’s construction in the case of SL(N,Z).
Then we will show that there is a natural generalisation of Grenier’s fundamental domain for all
simple groups of split real form but Eg, Fy or Go. We will finally discuss SO(N, N,Z) in more
detail as an example.

3.1 Fundamental domain of SL(N,Z)

Following Grenier, we parametrise the symmetric space M = SO(N)\SL(N) in the Iwasawa
decomposition with N — 1 variables y; € Ry with 1 <i < N —1 and w variables z;; € R
with 1 < i < j < N. The group representative in SL(N) can then be written as the upper

triangular matrix

Y1y2 - - - YnN-1
with

N\ F
y=<Hy£V—Z> . (35)
=1

For short we do not distinguish the group representative from the corresponding point in M.
To any element V € M we can associate a positive definite symmetric bilinear form over Z~

Hln] =n™VTVn . (3.6)

The Grenier fundamental domain is defined by induction by writing first V in the maximal
parabolic subgroup (GL(1) x SL(N — 1)) x RN=1 € SL(N) as

1 0 T
V:1 N e (3.7)
) OyN—1V1 01

where 27 = (212,...,21n) and V; € SL(N —1), and then recursively for each V; € SL(N —1). To
avoid taking care of the factors of y, Grenier introduces the non-unimodular symmetric matrix
Y = y?VTY
N 2
Y[n]=nTYn = (nl + Z $1knk> +y3vi[n)] (3.8)
k=2



2N
where Y7 =y 2y -1 VIV is a symmetric bilinear form over ZN~1 so its argument n is implicitly
(n2,...,nn). One defines recursively the bilinear forms Y;[n] = (nit1, ... nn)"Yi(nig1, ... ny,) for
1<k<N as
N 2
Yi[n] = (nm + ) 17z‘+1,knk> + 47 Yin[n] (3.9)

k=i+2
with

YNfl[TL} = n%\, s (310)

and by convention Yy[n] = Y[n]. The condition for V to be in the Grenier fundamental domain
F of M is defined recursively by the two conditions:

1. Y;[n] > 1, for all non-vanishing n € Z™~% of greatest common divisor ged(n) = 1.

2. Tiiyj € [—%,%] for all ¢ € {1,...,N— 1} and j € {2,...,N— i}, Tii+1 € [0, %] for all
i€{2,...,N — 1}, whereas 12 € [0, %] if N is odd and x; 2 € [f%, %] if N is even.

Grenier proved that one can always restrict the first condition to a finite set of vectors such that
this gives a finite number of inequalities. This follows from the property that Y;[n] is positive
definite and there is a finite number of lattice points in the ball Y;[n] < 1.

Fundamental domain of SL(2,7Z)

For the case N = 2 the Grenier fundamental domain agrees with the standard SL(2,7Z) funda-
mental domain. The only vector for which the first condition is non-trivial is n = (0,1)T and
together with the second condition one gets

)af,+yi>1 i) =5 <12 <

N[
N

Fundamental domain of SL(3,Z)

Another case of interest for us is N = 3. The fundamental domain of SO(3)\SL(3) is given by
i) 235 + 93 > 1
i) ofy +y7 > 1
iii) af3 + y7(a3; +43) > 1
iv) (212 — 213)* + y{((1 — 223)* + 3) > 1
v) (1= 212+ 213)* + 57 (1 — 223)* +43) > 1

Vi) 0§$12 S

N



vii) 0 < @93 <

DO =

vil)) =3 < @13 < 3

The condition i) comes from the condition 1) for Yj[n]| applied to n = (0,1)T while the
conditions ii)-v) come from the condition 1) for Yy[n| applied ton = (0,1,0)T, n = (0,0,1)T, n =
(0,—1,1)7T, n = (1,—1,1)7 respectively. Again vi)-viii) are a direct consequence of condition 2).

3.2 Generalisation to G(Z)

It appears that Grenier’s construction of a fundamental domain is based on a sequence of
maximal abelian parabolic subgroups. In this section we therefore consider G to be the split
real form of a simple group of rank r admitting an abelian parabolic subgroup, which excludes
Eg, Fy and G. We shall discuss the explicit example of SO(N, N) in the next section. One
can probably generalise this construction to Heisenberg parabolic subgroups to encompass all
exceptional groups, but this requires further analysis and will not be relevant for us. In what
follows the group G is defined from its fundamental representations and G(Z) C G is the
Chevalley subgroup associated to the weight lattice.

Let us first describe an appropriate coordinate system on M = K\G. Let P; be a maximal
abelian parabolic subgroup

P =(GL(1) x G)x U C G | (3.11)

where (7 is itself the split real form of a semi-simple group and Uj is an abelian unipotent
subgroup. One calls respectively GL(1) x G; the Levi subgroup and U; the unipotent radical
of the parabolic subgroup P;. In the last section, for G = SL(N), we had G; = SL(N — 1) and
U; = RY~! the additive group for example.
We can then apply the same decomposition to G; and all G; semi-simple subgroups succes-
sively
G; D P = (GL(l) X Gi+1) X Uiyt , (312)

with U; an abelian unipotent group for all ¢ = 1 to r. By construction P, = GL(1) x U, and the
Borel subgroup can be defined as

B=GL(1)" xU,xUp_q---x Uy, (3.13)
and the Iwasawa decomposition of G is compatible with this succession of abelian parabolic
subgroups

BC GL(l)T_2 XPy XU --xU C---CGL(1) x bLxU; C P CG. (3.14)

The Iwasawa decompositions provides coordinates on M, with y; € R for ¢ = 1 to r, parametris-
ing each GL(1) factors of the Cartan torus and a vector x; € u; the Lie algebra of U; for i = 1



to r parametrising each U; unipotent group. By construction the Borel subgroup B; C G; can
be decomposed accordingly into

Bi=GL)" ' U, X Up_q - X Upy1 . (3.15)

Therefore {y;,x;} for i +1 < j < r provide coordinates on the symmetric space M; = K;\Gj,
where Kj; is the maximal compact subgroup of G;.

By definition each maximal parabolic subgroup P; C G;_1 is determined by a fundamen-
tal weight A® of the subgroup G;_1. The associated set of roots of G is called an abelian
enumeration in [22]. We write R® = R(A® R) the associated highest weight representation,
which highest weight vector e € R admits as stabiliser the subgroup G; x U; C G;_1. The
G;_1-orbit of e is therefore the coset space

Gi—l . e“) = Gz—l/(Gz X UZ) . (316)

For example in the case of SL(N), the maximal parabolic subgroup (GL(1)x SL(N —1))x RN~!
is associated to the fundamental weight A; of SL(N) and the corresponding highest weight
representation is the fundamental representation RY. The orbit of the highest weight vector is
then dense in the module

RN < {0} = SL(N)/(SL(N — 1) x RNy (3.17)

By convention we will call R the fundamental representation. In general the orbit of the
highest weight vector is not necessarily dense in the module R, but is defined instead as the
set of non-zero elements v satisfying the quadratic constraint [46]

v x v = kg TV @ TAVE — (ADAD)vD @ v =0, (3.18)

where k,p denotes the Killing-Cartan form of g;—; and T its representation matrices in R®.
One can then write (3.16) as

Gi—1/(Gix U;) = {v? € RV |v® x v =0, L(v?) > 0}, (3.19)

where some further positivity condition L(v®) > 0 may be necessary for specific groups G;_1 and
representations R". For example for SO(N, N) one can take the fundamental representation as
the vector representation, and v x v = (v v®) = 0 is the condition that v is light-like.
For the connected component SOy(1, 1) one would moreover demand that the non-zero lightcone
coordinate is positive.
For each point in M; we define the associated matrix V; € P,y in the representation R¢*+Y
of G;. For short we will write V; = p,wn[V;] for both the point V; € M; and the matrix p,e[Vi]
in the representation R+Y. We can then define the symmetric bilinear form H; = VZ-T V; in the
representation R+Y
H[vi] = vOrIT v (3.20)

The matrix V; can be written as

— lnyi+1h(i+l)

Vi = ppon e Vir1 (j>it1, Xj>ip1)e ] (3.21)
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where pye is the representation homomorphism and h(+1) the Cartan generator of G; associ-
ated to the weight AC+Y with the normalisation®

paeen [nETD]elT) = g1 (3.22)
such that ]
Vet = —_elth) (3.23)
Yi+1
Note that the coordinates y; defined above are not the same as the coordinates introduced in
(3.4).4

In the following we shall use that a point in M; can be parametrised equivalently by all
{y;,x;} for j > i+ 1 or by the symmetric matrix H;. One can also equivalently use the
coordinates {yit+1,X;+1} and the symmetric matrix H,11, etc...

The idea behind Grenier’s construction of a fundamental domain is that one can construct
recursively the fundamental domains F; for M; under the action of G;(Z) from i =r — 1 to 0.
At each step, one can use the bilinear form (3.20) to define a set of inequalities that determines
F;.

Before generalising Grenier’s construction, let us give some definitions. We define for 1 <
1 <r—1

Pi(Z) = G(Z) N P; = Gi{(Z) x Ul(Z) , Gi(Z) = G(Z)NGL(1) x Gi, Ui(Z)=G(Z)NU; .
(3.24)
Note that with this definition G;(Z) may not be a subgroup of G; but includes the entire discrete
Levi subgroup. For SL(N,Z) we would then define G;(Z) = GL(N — i, 7Z) for example.
The construction of the fundamental domain is defined by induction. In order to show that
Fi is a fundamental domain of M; under the action of G;(Z) we have to show that for any
element H; € M; there exists an element v € G;(Z) such that vTH;y € F; and conversely that
for any non-trivial element v € G;(Z) and any element H; € F;, either yTH;y ¢ F; or both H;
and ~TH;y are on the boundary of F;.
We first consider the fundamental domain in M; for the action of the parabolic subgroup
Pi11(Z). Let p be an element of Pi11(Z) = Gi+1(Z) X U;j+1(Z), we can decompose it as

p =1 exp(b) (3.25)
with | € G;11(Z) and exp(b) € Ui1(Z). Pi11(Z) acts on M; by

PTHip = (Yir1,THip1l, 1 %41 + b) . (3.26)

3h® are related to the Cartan—Weyl basis generators of G;_1 by h®” h, ) and x; decomposes in

_ 1
T (A AD)
the basis of root generators e, satisfying (A, a) = 1.

“Writing §; the Grenier coordinates in (3.4), the coordinates y; used in this section are y; =

1
HN—I ~N—j\ N+1—i
=i Y .
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The adjoint Levi subgroup G;+1(Z)/Z(Gi+1(Z)), with Z(G;+1(Z)) the centre of G;+1(Z), acts
freely on a dense open set in M;11, and determines the fundamental domain

Fir1 = Mit1/(Giy1(2) ) Z(Git1(Z))) - (3.27)

To find a fundamental domain of P;11(Z) in M;, it remains to act with Z(G;+1(Z)) x Ui41(Z)
on u;41. By construction U;11(Z) acts by translation and Z(Gi41(Z)) acts either trivially or by
multiplying x“*" € u;;1 by —1. One gets therefore

d;
FP = Mi/Piia(Z) = Ry x Fir x [-1,3]"Y 2, (3.28)

where d;; is the dimension of U;y; and p = 2 if Z(G;4+1(Z)) acts as Zg on u; 41 and p =1 if it
acts trivially.

To define the fundamental domain of G;(Z), we introduce the Chevalley lattice R“(Z) C
RV which is preserved by the action of G;(Z).

The equivalent of (3.19) for the discrete subgroup G;(Z) gives

Gi(2)/Pi1(Z)=S;={ne R (Z) | nxn=0, L(n) >0, gcdn = 1} (3.29)

where n x n is defined as in (3.18) and an additional positivity condition L(n) may be required
when the only elements in G;(Z) that change the sign of n are trivial in G;(Z)/Gi1+1(Z).
One defines the positive set S;~ C M; as

1
Si> = {Hi € My | Hiln] = o e s} (3.30)
i+1

Where H;[n] is the positive definite bilinear form (3.20). This domain is non-empty. For fixed
(Hit1,%i+1) in FP, one finds that H; € S;~ for y;+1 > Liy1(Hit1,%;41) sufficiently large.
We will show that a fundamental domain F; = M;/G;(Z) can be defined as the intersection

F=FPns. . (3:31)
By construction, any element v € G;(Z) can be decomposed as
7 = h(n)p = h(n) Lexp(b) . (3.32)

with p € Pi41(Z), | € Gi41(Z) and exp(b) € U;11(Z). For each point in G;(Z)/P;4+1(Z) one
can find a representative h € G;(Z) that preserves FI. Using the isomorphism (3.29), one has
therefore for each n € S; a unique h(n) € G;(Z) such that

h(n)e® =n,  hn)FF =FF. (3.33)

We have already checked that for any point H; € M;, there is an element p € P;11(Z) such that
pTH;p € FF. For any such H] € FF there is a smallest norm element ng € S; such that

H{[n] > H[no), Vnes;. (3.34)
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It may not be unique, but because R"(Z) is discrete in R, there is a finite number of discrete
points in any ball H/[x] < H![n] and therefore a finite number of ng satisfying (3.34). Choosing

h(no) one obtains
1

yz‘2+1(’7)
and yTH;y € FF' N S;s for v = ph(ng). We have therefore proved that for all H; € M,, there

exists v € G;(Z) such that yTH;y € F; so that F; includes a fundamental domain.
Now we need to prove that for any point in the interior of F;

= hT(no) Hjh(no)[e"”] = Hj[no] , (3.35)

Fi=FnSis , (3.36)

and any non-trivial element v € G(Z)/Z(G(Z)) we have vF; N F; = {0}. First of all let us show
that one can always determine S;~ with a finite number of vectors n € S;. For (yi+1, Hi+1,Xi+1)
in 77, the set S;~ includes the condition H;[e_,, et > ﬁ for the simple root a;11 of G;
satisfying (A“*Y ;1) = 1. In the appropriate coordinate syslgem this reads

- z(aig)? + ! ! - = ym > §y(a‘+1)2 (3.37)
yiil l yQ_W ylaig1)? — yz’2+1 o T4 ’
i1

for y(aj41) the associated Cartan torus coordinate in the Levi subgroup Gji+i1. In particular
one can always choose the succession of parabolic subgroups (3.14) such that y(aj+1) = yit2. It
follows by induction that there exists ;41 > 0 independent of (H;4+1,%;+1) such that any point
(Yit1, Hiv1,Xi+1) € ]-o'ip N So’i> satisfies y;+1 > l;11. One can therefore restrict the conditions

defining S; ~ to the vectors n € S; in the ball H;[n| < 1:12 and there is only a finite number of
those.
As a consequence S; - is defined by a finite intersection of closed sets and its interior 5;~ is

defined by the finite intersection of open sets

o 1 )
§o = {Hie/\/li | Hiln] > =, € S n;«ée““)}. (3.38)
i+1

It follows directly that for any point H; € fi, the action of a non-trivial v = h(n)p €
Gi(Z2)/Z(G(Z)) gives yTH;y ¢ Fi. To see this, note that any non-trivial p € P;11(Z) moves
YTH;y ¢ FF > F;. If p = 1 and h(n) is non-trivial, we have by definition h(n)e(*" = n and

therefore !

Yir1(7)?
for this specific n, which shows that yTH;y ¢ F;. Note that if H; € 0F;, either it is in the
boundary of ¥ or in the boundary of S;~. In the second case it means that there is a finite

YT H;[n]y < (3.39)

set of vectors n € S; not equal to e+ such that H;[n] = y%, and the corresponding h(n) map

i+1
98> N FL to itself.
This concludes the proof that F; is a fundamental domain of M;/G;(Z), and by induction
that F is a fundamental domain of M/G(Z).
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3.3 Fundamental domain of SO(N, N, Z)

In this section we shall illustrate how this construction applies to the symmetric space M =
(SO(N) x SO(N))\SO(N,N) and the arithmetic subgroup SO(N, N, Z) preserving the even
self-dual lattice of split signature IIy y. In string theory, the group of T-duality on the torus
T4 is O(d,d,Z) and the relevant moduli space is M /O(d, d,Z). The group of U-duality of type
IT on T* is Spin(5,5,Z) instead and the moduli space is M/SO,(5,5,7). The difference with
respect to the different possible duality groups SOy(N, N, Z), SO(N, N,Z) and O(N, N,Z) only
appear in the first step because SOy (1,1,7Z) = {1}, SO(1,1,Z) = Zs and O(1,1,7Z) = Zs X Zs.
We will use the convention that the split signature metric is

= (1) (340

and we parametrise points in M by a symmetric matrix H in the vector representation of
SO(N, N), which satisfies
n"Hn=H . (3.41)

For short we will use the symbol H for the point in moduli space and for the symmetric matrix
in SO(N, N) that represents it. In this case it is convenient to choose the succession of parabolic
subgroups (3.14) such that

P =GL(1) x SO(N — i, N —i) x RN=6N=1 (3.42)

We decompose accordingly H = Hy into each H; for 1 <i < N as

1 0 0\ /%00 1 zln 3(zi, ;)
H, 1= nT; 1 0 0 H;0 0 1 T (343)
%(mz,xz) z] 1 00 y? 0 0 1

where y; € Ry, ; € RV=4N=7 is a vector of SO(N — i, N — i), 1 is the identity matrix in
SO(N —i,N —i) and H; is a symmetric element in SO(N — i, N — 7).

For the quotient by O(N, N, Z), one derives that
PiZ) = O(N — i, N — i, Z) x Iy_in—; - (3.44)
For SO(N, N,Z), one simply gets SOy (N —i, N —i,7Z). The sets S; in (3.29) can be defined as
Si=ON —i,N —1,Z)/Pi11(Z) ={Q € In—in—i | (Q,Q) =0, gedQ =1} (3.45)

for 0 <i < N —1. For SOy(N, N,Z) one must simply replace Sy_1 = {(%£1,0), (0,+1)} by the
trivial set to take into account that SOy(1,1,7Z) is trivial.
At each step we decompose Q € IIN+1-iN+i1—i as @ = (m,q,n) with m,n € Z and ¢q €
HNfi,Nfz’a such that
nl@Q] = (g,9) +2mn,, (3.46)
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and the bilinear form H;_;[Q] decomposes as
1
Hi1[Q] = ?(m + (21, q) + S (i, m)n) + Hig + wn] + y2n? . (3.47)
i
The fundamental domain M/O(N, N,Z) is defined iteratively such that F;_; is defined as
1. H; € F;.
2. (z;)1 € [0,1] and (2;) € [—3,3] for all 2 < k < 2N — 2i.
3. For any m,n € Z, q € IIy_; n—; such that ged(m, ¢,n) =1 and (g, q) + 2mn = 0 we have:

(m+ (zi,q) + 3(zi, l‘z‘)n)g +y?Hilg + zm] + yin? > 1 (3.48)

The first two conditions ensure that H;_1 € .7-'5 1 while the third imposes H;_1 € S;_1~. For
the fundamental domain M /SO,(N, N, Z) one must further take into account that SOy(1,1) is

trivial and (xy_1)1 € [—%, %] instead of [0, %] and the last condition yy > 1 is not imposed.

3.3.1 Inductive proof

For simplicity we consider the fundamental domain M/O(N, N,Z) in this section. Let us
first show that for any H; € M, there exists v € O(N — i, N — i,7Z) such that vTH;y €
M;/O(N — i, N —i,Z) assuming it is true for ¢ + 1. We can write an element of the discrete
parabolic subgroup Piy1(Z) = O(N —1—i,N — 1 —i,7Z) x Z*N72720 a5

100\ (1bTy3(b,b)
p=|0olo|l]0o1 b (3.49)
001/ \0o o0 1

withl € O(N —1—1i,N —1—14,7) and b € Z*N~272 Using the decomposition of H; in (3.43),
one obtains that such transformation gives

Hiyy — ITHiql Tit+1 — l_1$i+1 +b. (3.50)

By assumption, there exists [ € O(N — 1 — i, N — 1 — 4, 7Z) such that [TH; 11l € F;;+1. This only
fixes | up to sign, and there is therefore enough symmetry together with the shift in b to fix
0 < (wit1)1 < 1/2 and —1/2 < (zi41)x < 1/2 for all k between 2 and 2N — 2 — 2. This shows
that there exists p such that pTH;p € ]_—ip .

One can write an element h of O(N —i, N —i,Z) as

m * %
h = q * * (351)
n ok

for any m,n € Z, ¢ € IIN—1—iN—1—; with ged(m,n,q) = 1 and 2mn + (¢,q) = 0. These
components are determined by the action on a vector @ = (1,0,0) up to right multiplication by
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an arbitrary element in Pj;1(Z). Using the result above, one can always determine h such that
hTpTH;ph € ]-"Z-P. Writing pT" H;p in terms of y;41, Hi+1, ;41 satisfying 1 and 2 in the definition
of F;, one obtains that y;11(h) of hTpT H;ph as

(SIS

Yir1(h) = (y21(m + (@141, 0) + 3(@ien, wip)n) + Hia g+ wigan] + yi2+1”2) . (352)
i+1
We then simply choose @ = (m, ¢,n) such that y;+1(h) is maximal. By construction v = ph is
now such that yTH;y € F;.

Let us now show that any non trivial v = ph € O(N — i, N — i,Z) up to the centre —1 €
O(N —i, N —i,7Z) moves an element H; € F; outside of the fundamental domain. By induction
we assume that v = ph = [bh and any non-trivial [ € O(N —1—14, N —1—4,7Z) up to sign moves
Hi € ﬁi+1 out of .7c->'i+17 and it is clear that any non-trivial element b or £ = —1 moves x;11
outside of the domain 0 < (x;41)1 <1/2 and —1/2 < (x;41)r < 1/2.

Choosing ;11 sufficiently large compared to all eigenvalues of H;.1,, it is clear that

(m+ (2i,0) + S (zi, 20)n)° + Y2 Hilg + mn] + yin® > 1, V(m,q,n) # (£1,0,0) .  (3.53)

The open set F; is therefore defined by the strict inequality and it follows that any non-trivial
h moves H; € ]:Z outside the fundamental domain.

Because the action is continuous it follows that any non-trivial element v € O(N —i, N —i, Z)
acts on a point in the boundary of the fundamental domain F; to give another point in the
boundary. It follows by induction if H;4; is in the boundary of F;y1, and it is rather obvious
if one of the (2;41)r = 3. If there exists a non-trivial vector @ # (£1,0,0) such that the
inequality (3.48) is saturated, the corresponding element h also preserves the boundary.

This establishes the definition of the fundamental domain described in this section for
O(N,N,Z). To prove the result for SO,(N, N,Z) only require to study the case of SO(2,2),
which we describe now.

3.3.2 The example of SO(2,2)

In this case we write explicitly the bilinear form as
1 2 1
H[Q] = ?(m +21g2 + T2q1 + T1220) " + ?(cn +x1n)® + y3(g2 + wan)? +yin® . (3.54)
1 2

with
n[Q] = 2mn + 2q1q; - (3.55)

The induction starts with the condition that ¢? + y3g2 > 1 for any (g1, g2) in the orbit of (1,0).
For O(1,1,Z) one gets the four vectors (q1,q2) = (£1,£1) and so one obtains the condition
yo > 1. For SO(1,1,Z) or SOy(1,1,Z) one does not get ¢go = +1 and there is no further
condition on yo > 0.

At the next step the action of the unipotent subgroup allows to fix both z; € [—%, %] For
0(1,1,7) and SO(1,1,7Z) one can use the element —1 to constrain x; > 0. For SOy(1,1,7Z) the
trivial group, we do not get this further restriction.
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Using now the third condition, one obtains for m = n = 0 the two conditions

2
o +yiys > 1, x§+%21, (3.56)
2

and all the other conditions one obtains are consequences of these two.
We conclude that a fundamental domain of O(2,2,7Z) is defined by the conditions

2
D a2+ 23>1, i) ad+ A >0, i) g >1, iv) 0<a <

,ov) —1/2< 2y <1/2,
Y3

(3.57)

N |

a fundamental domain of SO(2,2,7Z) by

2
Dad g1, i) 3+ 21, i) 0 5,
Y2

IN
=
IN

iv) —1/2<xz,<1/2, (3.58)
and a fundamental domain of SOy(2,2,Z) by

2
) albyl2>1, i) ad+ >0, i) —

1
3 iv) —1/2<25<1/2. (3.59)
Y3

This is consistent with the isomorphism

(SO(2) x SO(2))\SO(2,2)/50,(2,2,Z) = SO(2)\SL(2)/SL(2,Z) x SO(2)\SL(2)/SL(2,Z) ,
(3.60)
and T = x1 + iy1y2 and U = z9 + zZ—; in the standard fundamental domain of SL(2,Z). The
further condition x; > 0 appears for the fundamental domain of SO(2,2,Z) which includes the
further generator SO(2,2,Z) = S(GL(2,Z) xz, GL(2,7Z)) that changes the signs of z; and xs.
The additional condition y; > 1 appears for the fundamental domain of O(2,2,Z) which further
includes the generator that exchanges 7" and U.

4 Minima at symmetric points

The main purpose of this paper is to find the global minimum of Eisenstein series. The SL(2) real
analytic Eisenstein series 2¢(2s)Es is known to have a global minimum at the symmetric point
T= % + i@, [37,47] for any value of the parameter s > 0, with the appropriate regularisation at
s = 1. There is no general result for the global minimum of the Epstein series EpY (H) for N > 4
and generic s > 0. The sum (2.6) is absolutely convergent for s > %, but admits an analytic
continuation to a meromorphic function of s € C with a single pole at s = % [48]. One can
define the regularised value of the Epstein function at the simple pole by minimal subtraction.
For s — oo, the global minimum is the solution to the densest lattice sphere packing in N
dimensions [39]. One can understand this result intuitively using an expansion of EpY in the
length of the lattice vectors. Writing nfl
form H and d2

min

a vector of minimal length for the associated quadratic
the number of vectors of minimal length in the lattice, one gets for s — oo

E > 4.1
P S HIRLT .
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is maximal for large Re[s]. The density

[Illl’l]

Therefore the minimum of EpY is obtained when H[n

of spheres of radius \/H[n! ]/2 in the lattice is
(wH [n2h) ) g
1
p(H) = ~—F——, 4.2
e (4.2
and so H[nk | maximal also gives the densest sphere packing in the lattice. For 2 < N < 8, the

densest lattice sphere packings are known to be the following rank N root lattices [49]
A2 ) A3 ) Dy ’ D5 ’ E6 ’ E7 ’ ES ’ (43)

such that the minimum of the Epstein series at large s is at Hy = det C;%C'L for Cy, the even
bilinear form associated to the lattice L (with L = Ay, Dy, En).

However, we are interested in small values of s for the string theory couplings, in particular
s < % It was observed in [38] that the densest lattice sphere packing bilinear form Hy, cannot
be the global minimum of the Epstein series for all s > 0 when the lattice and its dual do not
define the same point in SO(N)\SL(N)/SL(N,Z), i.e. when Hy'  Hy, modulo the action of
SL(N,Z). This is a direct consequence of the functional relation

7 bEp% (H™) . (4.4)

EpéV(H) = 7T287 F(S) 58

In particular the Epstein series is the same for the two dual points at s = %

BoY (1)) = BpY () (45)

One may therefore argue at most that the densest lattice packing Hy, is the global minimum

for s > & 7> which 1mphes by the functional relation above that its dual lattice Hy; is the global

lp
minimum for 0 < s < 4

The case of N = 3 was analysed numerically in [38]. It was shown that the densest lattice
sphere packing point H4, is a global minimum for s > %, and in particular for the regularised

series

_ 2
Eps = lim (Eps ”3) . (4.6)
2 3 s—3

2

~ N
They also demonstrate that the minimum of Ep, must be strictly negative in the critical strip

~ N
0<s< % However, it was proved in [50] that Ep% > 0 if the minimal length vector nfl of
the associated quadratic form H has length bounded from above as

[Himt 1 < 2 Nt _ 4.7
Hllll 2’]'(-6 Or Hllll 27T€ ( )

This excludes the possibility that the minimum be at Hy for an ADE lattice for N > 24 and
suggests instead that the densest lattice sphere packing will be the minimum [38]. The densest
lattice sphere packing has been proved to be the global minimum for N = 8 and 24 and all
values of s > & [51].

17



It would be very difficult to carry out a complete numerical analysis of the Epstein series
for N > 4. Based on the results above we shall therefore concentrate on symmetric points in
moduli space for which the bilinear form H is invariant under a finite subgroup of SL(N,Z).
In this section we define these symmetric points and determine a criterion for them to be local
minima of Eisenstein series.

We then generalise the same analysis to SO(N, N, Z) and prove that symmetric points are
local minima of Eisenstein series provided they are negative in the critical strip.

4.1 Taylor expansion at symmetric points

The hyperplanes defining the boundary of the fundamental domain are mapped to themselves
under elements of G(Z), and their intersections are invariant under non-trivial finite subgroups
of G(Z). The maximal intersections define isolated points Vy € M that are invariant under
maximal finite subgroups G0 (Z) C G(Z)

GY(Z) = {y € G(Z) | y"V]Voy =V} = {v € G(Z) | VoV, L € K} . (4.8)

When the GY°(Z)-fixed points in M are isolated, we call them symmetric points. All the sym-
metric points are maximal intersections but some maximal intersections may not be symmetric
points.

By construction for all ¥ € GY°(Z) there exists a k, = VoyVy ! ¢ K such that

Voy = ky Vo - (4.9)
An automorphic form ® on M in a representation p of K transforms as
(V) = pa(R)2(V) (4.10)

Here p generalises the weight for SL(2). By definition, the automorphic form is invariant under
the linear action of pg(k,) at V =V for any v € G¥°(Z) and k. satisfying (4.9). Indeed, one
checks that

p@(k,y)(I)(Vo) = ‘I)(k‘,yVo) = ‘I)(Vo’y) = @(Vo) . (4.11)

We can use this property to constrain the covariant derivatives of an automorphic function at a
symmetric point. We define the covariant derivative from the left-action of p e p =g o ¢ as

flexp(P)Vo) = fuo(p) = fVo) +p"Daf (Vo) + %Papranf(Vo) +0(p°), (4.12)

where a labels the components of p in p. Note that the differential operators D, can equivalently
be defined as the covariant derivative in tangent frame on the symmetric space

Do = e" (0, + plwy)) - (4.13)
If GV(Z) is non-trivial, we have
o (p) = fuo (k5 pky) (4.14)
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for any k., = VO’yV(;l € K such that v € GY0(Z), because

Foo (k5 Tpky) = f(kS exp(p)ky Vo) = fexp()Voy) = fun (p) - (4.15)

The Taylor expansion of an automorphic function is therefore highly constrained by the symme-
try group GY0(Z). At order n in the Taylor expansion, one can classify the order n polynomials in
p that are invariant under all such elements k, = VoV, L'e K. If Vy is a symmetric point as we
define above, there is no invariant linear polynomial and Vj is an extremum of any automorphic
function.

For any symmetric point Vy we must check if the extremum is a minimum. In practice
we shall find that the symmetric points admit a small number of GY0(Z)-invariant quadratic
polynomials, and that it is sufficient to evaluate the automorphic function on a small dimension
hypersurface to determine if it is a minimum.

If there is a single invariant quadratic polynomial, by construction it must be proportional
to the quadratic Casimir such that

fVo <p) = f(VO) + KabpapbAf(VO) + O(ps) (416)

1
2dimp
where k4 is the restriction to p of the Killing—Cartan form on g. The Hessian of the function
at V) is then completely determined, and the symmetric point is a local minimum provided
Af(Vy) > 0. In particular the function must be negative at a local minimum if the eigenvalue
of the Laplace operator is negative.

We will be interested in maximal parabolic Eisenstein series ES\Z associated to a fundamental
weight A;,

EG, = > x(2sAi—oV7), (4.17)
YEG(Z)/ Pi(Z)

which satisfy the Laplace equation
AES), = 2(sA; — 0,sM)ES), (4.18)

with o = Y. A; the Weyl vector and x(A) the multiplicative parabolic character of weight A.
Physically, maximal parabolic Eisenstein series are the sum over the U-duality images of a fixed
dilaton to the power s. For maximal parabolics, the dilaton is either the string coupling constant
or the volume of a torus 1" inside the M-theory torus or the type IIB torus.

Maximal parabolic Eisenstein series are absolutely convergent for Re[s] > (%if)), and both

Es\Z > 0 and AEﬁi > 0 for s > ((J\Aii}i))' On the critical strip 0 < s < ((Ie-ifi))’ the Eisenstein

series is integrable and therefore
0= / dj AES (V) = 2(sA; — 0, 5Ay) / duES. (V) | (4.19)
M M

such that Eg\l(V) must be negative at its global minimum.
We find therefore that when the moduli space K\G admits a symmetric point Vy with a
unique invariant quadratic polynomial in p, the symmetric point V) is a local minimum of any
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absolutely convergent Eisenstein series. Moreover, ) is a local minimum of any integrable
automorphic function that is negative at 1.

When there are two GY0(Z)-invariant quadratic polynomials we need to compute the two
independent eigenvalues of the Hessian matrix at Vy. For this purpose we shall define a two-
dimensional subspace of SO(N)\SL(N) that includes the relevant symmetric points. There also
exist symmetric points with more invariant polynomials, but we find that they never correspond
to global mimima and shall disregard them.

We will now discuss the cases of SL(N) and SO(N, N).

4.2 SL(N) symmetric points

The symmetric points in SO(N)\SL(N) are invariant under maximal finite irreducible sub-
groups of PSL(N,Z). The maximal finite irreducible subgroups of GL(N,Z) have been clas-
sified for all N < 10 [52-54]. For N < 4 all the maximal finite subgroups of PSL(N,Z) are
stabilisers of an even-bilinear form Cf, of Cartan type. One gets for irreducible groups

N=1: A, (4.20)
N=2: Ay, 24, (4.21)
N=3: Ay, A5, 341, (4.22)
N=4: Dy, As, AL, 44y, 24, Ay x As. (4.23)

The reducible maximal subgroups stabilise the reducible bilinear forms A;+A2, A1+A3, A1+A5.
One easily checks that reducible bilinear forms that are extrema are always saddle points. To

prove this, one considers coordinates associated to the maximal parabolic subgroup P, = R4 X
SL(k) x SL(N — k) x RF*(N=k) ¢ SL(N) in which

Hln,m|] = yQ% Hy[n 4+ Xm] + yz% Hy_j[m] (4.24)

with n € Z¥, m € ZN"% and X € R5*(N=K)  The Fourier expansion of the Epstein series in the
maximal parabolic P, can be obtained by Poisson summation and reads

N Nk | £ D(s — g) 25 (N ) N—k

Ep, (H) =y~ ¥ “Ep;(Hy) Ty YRR (Hy—k) (4.25)

k
4

27r i Z Neakgn Hy nf2md '[n]2"1 (27ry\/H n|Hy_p[m ])cos(27mTXm).

i,ﬁ
nekaeZN k _k[ ]2 4

The second derivative with respect to X at X = 0 is negative definite

d*Ep{' (H)|x =0 (4.26)
2 / H s_k
™ NQ’“S+§%KSJ(2W\/H [n] B[] ) (27nTdXm)?
Hy_g[m]z2~1 2

nEZk mezZN—k

as the absolutely convergent sum of positive terms. Therefore any extremum at X = 0 is a
saddle point. We will therefore only analyse symmetric points for which the bilinear form H is
irreducible.
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For N = 5 the irreducible bilinear forms invariant under a maximal finite subgroup of
PSL(5,Z) are [53]

N=5: Ds, Di, As, A:, AF?, (AFPH)* =48, (4.27)

where AF? is the Sg-invariant lattice A5 ® (A5+A2) @ (A5+A4) that includes the second funda-
mental weight Ao, and A;“?’ = A5 @ (A5+A3). All these points lie on dimension zero boundaries
of Grenier’s fundamental domain, as we show in Appendix A.

It will be convenient to introduce the following parametrisation of ¥V € SO(N)\SL(N) in
the maximal parabolic subgroup Py_1

1 (NQ(Nll)Vl Nz(z\fll)le> (4.28)

VN
where V1 € SO(N — 1)\SL(N — 1), x € RV~!, and y € R, has been rescaled. When V) is at
the Any_1 symmetric point

1
NWVDA =Cay_, - (4.29)

In this paper we define the Ay point in the fundamental domain as the symmetric matrix

21 ...1
12 -
Cay= | , (4.30)
SRR
1... 12
or equivalently
N
Cayln] = Qan + anj . (4.31)
i=1 i#]

In this way the symmetry under the subgroup Sy C Syy1 is manifest. One gets the Ay, Dy,
En representatives by fixing V; at the Ayx_1 lattice point, and all x; components equal such
that

1

y%H:CAN for Ti = 55 y=VvVN-+1, (4.32)
2

y%H =Cpy for T = Y= 2, (4.33)
3

y%H = Cgy for T = Y= 9—N. (4.34)

2
y%H = CA5+2 for =, y=\/3> (4.35)

y%H = CA5+3 for x; = (4.36)

®This is not the bilinear form given in [53], the latter is equivalent to 3C,+2 up to SL(5,Z).
5
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This ansatz for y > 0 and a single = € [0, %] therefore describes many symmetric points. In

particular it covers all the symmetric points (up to inversion) for SL(3,Z) and SL(5,7Z), the
groups relevant in string theory. The dual lattice points can be studied in the same way with the
inverse matrix or using the functional relation (4.4). This representative of the Ay symmetric
point is in the Grenier domain, but not the others, see Appendix A.

The densest sphere packing criterion can be checked using the density (4.2)

N
(3)° ()
< p(C = ——— < Cey) =

VN +1T'(§ +1) n>4 P(Cbx) 2T'(§ +1) N=6,78 P(CEx) VO-—NI(§ +1)
(4.37)

in agreement with the list (4.3). The dual lattices D}, and A}, are always less dense than the

lattices Dy and Ay, but EY is denser than Dy and Ay for N =6,7,8. For N = 5 one finds

w2 4272 2
C = — <K C = < C )= ,

N
2

p(CAN) =

(4.38)

so the densest sphere lattice packing is indeed the lattice D5, and A;Q is denser than As. The
dual lattices are less dense, with

5\/5772 2 372
* = * = — = — . 4~
P(Cay) = =35~ < p(Cp;) = 55 < p(Cyps) = o5 (4.39)
On the surface where H(y,z,Ca, _,) is parametrised by y > 0 and —5 < = < 1 as in (4.28),

one writes the explicit formula for the SL(N) Epstein series as

2s

27 T(s = Ng)((2s = N +1) y N 00K

yN N—1
EpY = —F
Py (1,7 Can ) = B (Cane) + 2 P
s N—-1_ N-2 / K (2 Cfl [Tl]/N) N—1
—l—F(S)y Vi Z ON-1-2s(n) 2 -~ Lj_é cos(27rx nz) (4.40)
nezZN -1 (NCAN,l[”D v i—1

It is defined by induction in N. For N = 2 the Epstein series evaluated at 7 = % + z§ can be
written as the zeta function over Q(v/—3) [37]°

B = 3 2 S e = (5, 2) (1.41)
s AE T '3 230 '
2€Z(e 37)

For SL(N) the elements p € p = g © £ are symmetric-traceless N x N matrices, and the
Killing—Cartan form is normalised such that

N

Kapp?p® = 2trp? = 2 Z p?j . (4.42)
ij=1

5The expression using Hurwitz zeta function is obtained as the Euler product

/

1 1 1\ 1
Z‘WIGW IT (1,1,73) IT 1= p2

sez(eFh) p=1mod3 p=2mod 3
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We will now study the different symmetric points.

4.2.1 The Ay symmetric point

The automorphism group of the Ay lattice is Zo X Sy 11, but only the alternating group Alty 1
embeds inside PSL(N,Z) for N even and Sy41 C PSL(N,Z) for N odd. The Eisenstein series
are nonetheless invariant under the action of PGL(N,Z), so their symmetry group is always
Sn+1. The automorphism group Zs x Sy is realised on the lattice vectors such that Zs acts
as

ng — —n;, (4.43)

and Sy41 acts as the permutation of the N elements n; and a fictitious N+1th element
- Zjvzl n;, i.e. o € Sy acts as

01N = Ng (i) » (444)
and
N
OiN+1: NG — — an . Myl Ny (4.45)
j=1

It is useful to split this group into Sy and

SN+1/SN - ZN+1 (446)

where Zp 41 is the cyclic group generated by the transformation
N
Of P MiAN F> Tyl , nNH—Zni. (4.47)
i=1
To determine the Sy 1-invariant quadratic polynomials, it is convenient to define
= (N+1)¥Vphy, (4.48)
for which the traceless condition reads
1 N
trCylp= N (N Zp”- - Zpij) =0. (4.49)
1=1 i#£j
For any invariant polynomial fy,(p), one defines the polynomial

Fo(B) = P (N + 1)~ vV T0p ) (4.50)

which is invariant under
fVo (ﬁ) = fVo (IYT];PY) ) (451)

for any v € GAN (Z) representing Sy 41. The symmetric matrix  simply transforms under Sy 1
as a traceless bilinear form in the n;’s, i.e. under o € Sy as

0 1 Pij 7 Do-1(i)o-1(j) » (4.52)
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and under o as

Of P11~ DNN, Di#1i#1 F DNN + Di—1i—1 — 2Di—1N (4.53)
Of:P1j = PNN — Dj—1N, Di#lj#1 > DNN + Di—1j—1 — Di—IN — Dj—1N -

The vector n transforms in the standard representation of Sy4; associated to the partition

(N,1). The symmetric tensor product decomposes into irreducible representations as *

(N,1) ®s (N,1) = (N)@® (N,1)® (N - 1,2), (4.54)

such that j splits into the irreducible components ¢ € (N,1) and - € (N — 1,2). The vector ¢
in the standard representation is defined as

4 = Dii — szy ) (4.55)
J#Z

and transforms by permutation under Sy and as

Of:q1— —qN, qi#1 "> ¢i-1 — 4N, (4.56)
under 0. The (N —1,2) tensor pt is defined as

N
2 1
sL_ 5o ) E ) sl 5 E
pii _pl] _q'L+ N+1 . 1q] ) pz?'é.] _plj + N+1 4 1qk’) (457)
J= =

and transforms under Sy41 as p in (4.53). It follows that there are two independent invariant
quadratic polynomials in j, one quadratic in ¢ and one quadratic in p, such that the Killing—
Cartan form splits into

1 ~ ~—1 N

a, b __ -1
imabpp —trC’ANpCAN N1l

For completeness, we give the explicit proof that there are only two invariant quadratic polyno-

CI4N[ |+ trCylpCulpt . (4.58)

mials in Appendix B.
To study the Taylor expansion of Epstein series at the symmetric point Ay, we use the coset
representative (4.28) and its vielbeins

1d 2(N
m—ﬁg

P = dVV + 2 (dVV hr =
NQ(N V

N Vid
(4.59)

dy

Yy

L
N

1
At the symmetric point we take V; constant and such that N¥-1V[V; = Cy,, | and we define
the pull-back momentum such that P, = 0. One computes then

~ 1
P.=(N+1D)VVIP W (4.60)
= ~% CAN 1d3/y N+1C d B %CANflx*% ’
Lt daTCay, — 4olCay ¢ 1dy+-v LyICu,_ da

"Recall that (V) is the trivial representation, (N, 1) is the basic representation of dimension N, and (N —1,2)

is the symmetric tensor irreducible representation of dimension %2(1\’_2)
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where x,; = % This gives the standard representation components of P, that are defined from
P as in (4.55) and take the explicit form

N+1 dz N+ 1dy N+1 dz
( )7 QN*:( - - )7

—|(C — e — 4.61
N _1 ANfly . N y N—lx* ANfly ( )

QiANs = —

and one checks that the (V — 1,2) components 7’3}‘ only depend on dz

Yy BL_ <—N11diag[CAN1dx] %C’ANfld:r

N -1

1
e v - C ¢ dx) . (4.62
N+1 3dzTCay —NNlmICANldx> Ay (@1Caydz) - (4.62)

A direct computation gives

_ N+1/N—1dy? 1 Cay_,[dx]
C 1 x| = _J N—-1
aylQ] N—1< N 2 N-1 2 )
1AL =1 2 Cay_,ldz]
1L 1L _ N-1
2tr O L PO P = (N ~ 1) R (4.63)
We define the pull-back of an automorphic function
fely, @) = f(y, Vi = Vi, = 1), (4.64)

to the two-dimensional subspace parametrised by y and x. The second differential of the pull-
back function must be consistent with the Sy symmetry, and therefore

Clya)| = fdyt + feada® + 2f0dyda
y= +lz=%

_ 2 N-1_, 9 (N?2(N —-1)—2N) . ,
a+N+1( N dy +Ndx)+a_ Nl dz” | (4.65)

for two coefficients a4 and a_ determined by the second derivatives of the automorphic function

at the symmetric point. In particular

N—-1 2N (N2(N —1) —2N)
= 27 = -
Hence the condition for the symmetric point Ay to be a local minimum of the automorphic

function f is that a4 > 0 and a— > 0, which is equivalent to the condition that

N2
oo > =T >0 (4.67)

a, fu=0 (4.66)

It is therefore sufficient to study the pull-back function fi(y,x) to determine if the symmetric
point Ay is a local minimum of the automorphic function f(y, V1, ;) in M.

We have carried out this computation numerically for the Epstein series and found that
the Ay symmetric point is always a local minimum for s large enough, but the eigenvalue
a_ becomes negative for small s for N > 4, giving a saddle unstable along the corresponding
W—dimensional hypersurface. It is always a local minimum for NV = 3, and is in fact the
global minimum for s > % [38]. We find that it is a local minimum for s > 1 for SL(4), and for
s 2 3.16603 for SL(5). For SL(6) and SL(7) one finds similarly that it is not a local minimum

for s < s4, with s4, slightly above the critical value % Most importantly for us, it is not a

5
local minimum of the Epstein function Ep 2 that defines the leading Wilson coefficient in type

II string theory on 7.
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4.2.2 The Dy symmetric point

The Dy symmetric point is realised with the ansatz (4.34) as the bilinear form

N—1 N—1
Cpyln] =2 Z nf + 4n% 4+ 2 Z nin;j +4ny Z n; . (4.68)
i=1 1<j<N =1

It is easy to show that it is related to the identity matrix by a GL(N, Q) transformation that
determines

N
1
n#N:mi s nN:—iz:mi y (469)
=1

for N integers m; such that >, m; = 0 mod 2. One then gets

c S
Dy [m] = Zmz ) (4.70)

=1

which reproduces the standard construction of the Dy root lattice in Euclidean space. In
this basis the automorphisms Sy x Z2 of the lattice Dy are simply realised as the SL(N,Z)
transformations

0 1My = Mg ()

Wi T My = =My, My = My (4.71)

that preserve the condition that ) ,m; = 0 mod 2. For N = 4, one has moreover the triality
automorphisms. This determines the action of the automorphism group on the momentum p € p
for generic N as

0 Dij 7= Po(i)o(j) »
Wi I Dij = —Dij s Dii © Pii »  Pjk = Pjk >, Vi k#Fd. (4.72)

Note that the transformation Hf\i 1 @; flips the sign of the whole vector 7 and therefore acts
trivially on p, so that only Sy x Zév_l C PGL(N,Z) acts on the moduli space.

The components p;; split into the N — 1 independent p;; that transform in the standard
representation of Sy and are invariant under Zé\] ~1 and the pij for @ # j that transform under
the reducible representation N @ (N — 1,1) & (N — 2,2) of Sy, but mix together under Zévfl.
One straightforwardly checks that the only invariant quadratic polynomials are

N
Spk. D ek (4.73)
=1

i#]
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For N = 4 the triality symmetry implies that there is a unique invariant quadratic polynomial,
while for generic N one straightforwardly computes that

N d 2
Spz [N 0 ) SN
P 1% 0 %E N yz
2
0 NQ(N N2VZU ) dg N N2(N -1
> P= —Cuy_,lda] = %dx? (4.74)
i N2<N 1) Vl* dz 0 2y* Qy*

Hence one has a local minimum of an automorphic function f at the Dy symmetric point if and
only if
fze >0, fyy >0, (4.75)

with

dzf*(yv CL‘) =2z 2 = fyydy2 + fzxdxz + 2fywdyd$

=2,0=2
N -1 N2(N -1

—a Sy + a_%dag , (4.76)

and a4 and a_ the two eigenvalues of the Hessian of f at the symmetric point. One finds by
numerical evaluation that the Dy symmetric point is indeed a local minimum of the Epstein
series Epé\’ for all s and N < 7. We do not expect this to be true for arbitrary large N, but this is
not relevant for the study of the type II string theory effective action. We find in particular that
among all symmetric points, the Dy symmetric point gives the minimum value of the Epstein
series Epiv for N =4,5 and s > %,8 leading to the conjecture that Dy is the global minimum.

4.2.3 Other symmetric points

In this subsection we shall briefly describe the other symmetric points.

e The dual symmetric points
Let us first observe that we do not need to describe the dual symmetric point for the lattices A%
and D7} separately. By construction Cp« = C’;l, and the inverse of H = VTV with the ansatz
(4.28) allows to describe all dual lattices. One easily extends all the results using the functional
relation (4.4). As a consistency check we have evaluated numerically the function for both the
lattice and its dual. The analysis of the polynomials in p € p invariant under the automorphisms
of the lattice proceeds in the same way for the dual lattices, and gives by construction the same
number of invariant polynomials.
For example for A%, one defines

p=(N+1)"5VIphy, (4.77)

8Note that D} and D4 define the same unimodular matrix H, so the D4 symmetric point is the lowest value
for all s > 0.
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for which the traceless condition reads
trCayp=0. (4.78)

The action of the Weyl group is then such that Sy acts by permutation of the indices and o
acts on p as

N N
Of  DitNj#N = Dit1j+1, Of I PNj£N > — ZﬁNk , OfiDNN > — Zﬁkk . (4.79)
=1 k=1

It decomposes into the vector ¢ in the irreducible representation (IV, 1)
¢ = Dii » (4.80)

and the orthogonal component p in (N —1,2) that has zero diagonal entries ]314;- =0 and

Bl = P+ e (i + Big) (481)
for i # j. One obtains then two independent quadratic polynomials in ¢ and p* respectively,
such that
a b . _ N-1 1 1

3Happ’ = trCay pCay P = Fr7Caylal + tr Cayp=Cani - (4.82)
For large values of s, the Epstein series evaluated at the dual symmetric points D}, and A} is
larger, as expected from the sphere packing density. By the functional relation (4.4) this must
be the opposite for s < %, and in particular a symmetric point and its dual give the same value
at s = %. Accordingly, there is always a value of s, > % where Epé\i (Dx) = Epé\i (Ay) and
EpY(D%) < EpY(Ay) for s < s.. The numerical evaluation for N < 5 shows that there is only
one such transition, and that EpY (D%) — EpY (Ay) and EpY (Dy) — EpY (D%) have only one

zero at s = s and s = %, respectively.

e The symmetric point A5+2
The symmetric point A;Z admits the same symmetry S¢ C SL(5,7) as the point A5 and its
dual AZ. This is easy to prove using the relation

Cypz = YTCy (4.83)
where v the GL(5, Q) matrix defined such that
T (4.84)

is the change of basis (4.69). In particular Cp, = yTy. One checks that for any g € S¢ C SL(5,7Z),
Yoy~ € SL(5,7), such that the automorphism group of A;{z is conjugate to the one of A} in
SL(5,Q) [53]. It follows that the coset p € p decomposes into the two irreducible representations
(5,1) and (4, 2) of Sg. To finds the explicit polynomial it is convenient to introduce

1
Pe=(3)3y VPV T, (4.85)
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which transforms under Sg as p in (4.79). Repeating the computations of Section 4.2.1 for the
ansatz (4.28),(4.35) one obtains the following invariants polynomials
4 12 dy? ~ ~
ga%94:~gig+1mﬁ, 2tr O, PO P = 135da? . (4.86)
One obtains that the condition for the Hessian of the function f to be positive definite is (4.67)
for N = 5, as for the As symmetric point. We have checked these conditions numerically and
5
found that the symmetric point Ag’2 is a local minimum of the Epstein series Ep, for s 2 2.8849.
Below this value the second derivative with respect to y is negative and the saddle is unstable
along 5 directions.
In the critical strip % <s < % we find that

5 5 % 5 5 5 5 "
Eps(D5) < Eps(D5) < Eps(A5+2) < Eps<A5+3) < Eps(A5) < Eps(A5> ) (487)

and only D5 and D} are local minima.

e The FEg, F7, Fs symmetric points

We shall be very brief about these cases since they are not relevant to the analysis of the type
II string theory low energy effective action. One finds in these three cases that the Weyl group
of Ey is large enough to impose that there is a unique invariant quadratic polynomial in p. It is
therefore sufficient to check that the Epstein series is negative in the critical strip to ensure that
the E symmetric point is a local minimum for all values of s. One finds indeed by numerical
evaluation that the En symmetric points are local minima for all values of s, and among all
symmetric points we have checked they give the smallest value of the Epstein series EpéV for all
values of s > %.9 In the critical strip % <s< % we find that

Epy'(En) | < EpJ(Ey) <Epy(Dy) < Epy(Dy) < Epy(Ay) < EpJ(Ay) . (488)

) )

e The A; X Ax symmetric points for d|N

d
For N not prime one can also have symmetric points associated to irreducible bilinear form that
are tensor products of lower dimensional bilinear forms. For example for N = 4 one has

4221
2412
2142
1224

Cayxa, = (4.89)

More generally the density of the sphere packing of Ay x Anx for d dividing N is
d
N

T2

(1+d)z(1+ (¥ 1)

p(CAdXA%) - (4'90)

9We have only checked symmetric points of Cartan type Ay, Dy, Enx and their dual. This exhausts all
maximal irreducible symmetry groups for N = 7, but not for N = 6, 8 [53].
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For N < 8 the possible lattices are less dense than Ey, Dy and Ay, but one checks that in the
critical strip A A A
Ep,(D4) < Ep,(A2 x Ag) < Ep,(A4y) . (4.91)

So the ordering is reversed with the A4 lattice at low values of s. Nevertheless, the symmetric
4
point Dy remain the global minimum of Ep, for all value of s > 0.

4.3 SO(N,N) symmetric points

We now consider the symmetric space (SO(N) x SO(N))\SO(N, N) with the discrete group
SO(N, N, Z) preserving the split signature even lattice Iy y. We introduce the vector repre-
sentation Epstein series

EpYN(H) = ——2g(2 VB (4.92)

H

q€ln N
(¢,9)=0

which is proportional to the maximal parabolic Eisenstein series of infinitesimal character A =
2sA1 — p. Tt is absolutely convergent for Re[s] > N — 1, and admits an analytic continuation to
a meromorphic function of s € C. We will be interested in particular in the value s = %, for
which the Epstein series is in the minimal representation.' It will be convenient to consider the
representation of the symmetric SO(N, N) matrix H in the Py = GL(N,R) x A2R¥ parabolic

subgroup such that for any vector ¢ = (m,n) with m,n € Z~,
Hlq) = G '[m + Bn] + G[n], (4.93)
and the split signature bilinear form is
(g,q9) =2m-n. (4.94)

In type II string theory on T¢ the SO(d,d) symmetric matrix H is parametrised by the Narain
moduli, with the torus metric G and the Kalb-Ramond two-form B in string length. Then m
is the vector of Kaluza—Klein modes and n the vector of winding numbers. For the U-duality
group Spin(5,5,7) one can view G as the M-theory metric on 7° and B as the Hodge dual of
the three-form potential on 7.

To define symmetric points in SO(N, N) we start with the assumption that G is itself a sym-
metric point of SO(N)\GL(N). From the previous section we find that G is then proportional
to the Gram matrix Cf, of an even lattice L, and the relevant solution will turn out to be

1
G:§C’L, G+ B=0modZ . (4.95)
One finds in this case that the charges ¢+

- %G_l(m + (B =+ G)n) , (4.96)

10This can be understood from the Langlands functional identity §(N—2)ESO M) — §(2)ESO NN — g(2) B0

AN-—1
for N > 3 which shows that this function can be realised either as a Vector representatlon Epstein series or a
spinor representation Epstein series.
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satisfy
0 —q- €z, (4.97)

while g+ are by construction in the dual lattice L* = C’ElZN . It follows that this bilinear form
describes the isomorphism

vy @ ((L+me L+ pi-1]), (4.98)
neL*/L

or equivalently for the Narain theta series

2
Z e~ T2 Hlgl+imTi(a0.:9) — Z Z eimTCL[n+p] (4.99)
q€lN, N nEL*/L 'neZN
For any pair of elements v+ € Aut(L) such that
Yy =y—pmod L, (4.100)

one has an automorphism O(N,N,Z) of the split signature lattice IIy y that preserves the
symmetric matrix H. For Cartan type lattices Ay, Dy, En, the automorphism group is the
product of the outer automorphisms of the Dynkin diagram and the Weyl group

Aut(L) = Out(L) x W(L) , (4.101)
and the Weyl group W (L) preserves all weights p € L*/L, so one has the automorphism group
Aut(H) = Out(L) x W(L) x W(L) . (4.102)

The simplest example of a symmetric point is for N = 1, in which case G = y? and
Eplt(H) = 2¢(2s) (y* +y %) . (4.103)

Its global minimum at y = 1 can be interpreted as the SU(2) self-dual radius in string theory
on S. The A, D, E points described above correspond more generally to the points of enhanced
gauge symmetry in string theory. For N = 2 one recovers the minimum of the product of two
SL(2) Epstein series at T =U = 1 + z§ for the symmetric matrix H associated to the lattice
L = Ay. We will see below that for N = 3 the symmetric matrix associated to L = Ajz also
reproduces the minimum of the SL(4) Epstein series at the symmetric point Dy.

Assuming H to be determined by a lattice Gram matrix as in (4.95), one can compute the
limit at large s from the theta series

1 /
5 * dro 2 .
EpVN(H) = ™ / a2 5/ d —nroH[ql+inT1(q,q)
Ps ( ) F(S) 0 - Ty _% T1 Z e

q€lly N
/

1
= > > AT (4.104)

HEL*/L m,nezZN
Crn+p]=Cr[m+p]
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where the prime removes the point m = n = 0 for u = 0 only. At large s, the leading term in
EpéV’N(H) is proportional to the smallest length of a vector in L* to the power —2s, and one
obtains a minimum for the even lattice with the largest possible minimal length of a vector in
L*. Although this is not exactly the same criterion as for the densest lattice sphere packing, it
gives the same ADE classification (4.3) for N < 8.

For small values of s we need instead to use the Fourier expansion of the Epstein series !

7 T(s — M1y ¢(25 — N + 1)

EpyN(H) = det GNEpY (G™') + det G" " EpY y 5 (G)

I'(s) ¢(2s — N +2) 2
s / K _n~va(2ryG
* rﬁﬁ)@ %Efﬁ‘?&,z (Ug)— 24( TR iteno (4.105)
Qenrzy 8ed(Q) ’ ¢lol

QAQ=0
where the sum is over all non-zero rank one antisymmetric integer matrices @, the bilinear form

is defined as 1
GlQ] = -3 tr GQGQ (4.106)

and F5"®(Ug) is the SL(2) real analytic Eisenstein series evaluated on the SL(2) subgroup of
the stabiliser of Q.'> Note that the stabiliser of Q in SL(N) is SL(2) x SL(N — 2) x R?*(N=2),

For the value s = %, this expression simplifies drastically to
N !/
N—2 _ m2vdetG [ 1 e 2mVGlal
Ep\} (H) = det G2¥ EpN_, (G™1) + ———— <3 +2 3 01(Q) e )
2 2 I( 2 ) Qen2zN T/ GlQ)]
QNQ=0

(4.107)
We will use this expression to evaluate numerically the Epstein series for N = 5.
We find evidence that the Epstein series in the vector representation (4.92) admits its global
minimum for all s > 0 at the symmetric point where G = %CL and G + B = 0 mod Z for the
Cartan type best packing lattices (4.3).

4.3.1 Symmetric points as minima

In order to describe the symmetries of the polynomials in the coset derivatives we need to define
a coset representative V € SO(N, N). We introduce two vielbeins basis V4 for the same metric
G = V]V, such that V reads

Ly LviG+B
V:<ﬁ vt ay (4.108)

SV SVIT (-G + B)

It transforms under left action of k+ € SO(N) and right action of v € O(N, N, Z) as

ky O
. 4.109
V= ( 0 k_) Vy ( )

"Tn our convention the SL(N) Epstein series only depend on the unimodular bilinear form so that EpY (G) =
EpY (det G_%G))7 and in particular det G¥ EpY (G™1) = SezN G+[n]“
12Normalised such that ESS (U) = 2¢(2s)ES"(U).
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One can of course set V. = V_ =V, but it is convenient to keep them different to make manifest
the covariance under SO(N) x SO(N). The coset differential is then

1 1Ly ggyr _ (OPT
SV oy TavT = | (4.110)
with 1
P=—3VoT(dG +dB)V ! (4.111)

We now consider a point (4.95) for L of Cartan type, that we write

[ V2Voy O c;t NG+ B)o
Vo = ( ) +\/§VO_) (ci—l CL—Ll(—G+B)o> _ (4.112)

Using the charges ¢+ that transform under the two copies of the Weyl group at a symmetric

point (4.96), one obtains that
V2Vorqy
VO — : 4113
OQ <\/§Voq ( )

It follows that under an automorphism in (4.102) realised as a v € O(N, N, Z) one has

[ ks(y) 0O ~[V2Vogry 0 ct oY G+ B)y
Yoy = ( +o k_(7)> Vo= ( o+ +\/§V0—7—> (Ci‘lCL‘Ll(G+B)o> (4114)

where the vy satisfy (4.100). In particular, the y4 can be two independent elements of the Weyl
group of the Cartan type lattice L.

It appears therefore convenient to expand the automorphic function of interest with respect
to the pull-back momentum

P.=—(dG +dB), . (4.115)
Similarly as in section 4.2.1, we introduce the variable
D=2V pVoy . (4.116)

For any invariant polynomial fg,(p) of p € s0(N,N) & (so(N) @ so(N)), one defines the poly-
nomial

o) = fu, 2VI_pVoy) (4.117)
that is invariant under

va (’Y—ﬁ’yﬂ-) = fVo (ﬁ) . (4'118)

One then finds for all irreducible Cartan type lattices L, that the unique invariant quadratic
polynomial is the Killing—Cartan form

2trppT = 2tr O ' pCLpT . (4.119)

Let us prove this for Ay and Dy.
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e Ay symmetric point

For Ay, the momentum p transforms in the tensor product of two standard representations
(N, 1) associated to the two copies of Syy1. It is therefore in an irreducible representation of
Sn+1X Sy+1 and there is obviously no linear invariant. Introducing the indices ¢ = 1 to IV for
one side and 2 = 1 to N for the other, one obtains the action of Sy x Sy

oX0b: ﬁij — ﬁa—l(i)a——l(j) s (4120)
while the left o acts as
of X 1 :ﬁljl—)ﬁ]\]j, ofr X 1 :ﬁiyélj'_)ﬁNj_ﬁi—lj, (4121)

and identically for the right 6¢. For the quadratic polynomial one can use the decomposition
into irreducible representations of the tensor product of two standard representations

(N,1)® (N,1) = (N)& (N,1)@® (N —1,2) & (N —1,1,1) (4.122)

to conclude that the quadratic polynomials in p decompose into the irreducible representations
of Sy11x Syt

(N+1)®(N,1)®(N-1,2)|[(N+1)®(N,1)®(N-1,2)| ®(N-1,1,1)®(N-1,1,1) . (4.123)

It follows that there is single quadratic invariant polynomial (4.119). According to the discussion
of section 4.1, we conclude that the Ay symmetric point is a local minimum of any SO(N, N)
Eisenstein series in the domain of absolute convergence. We have checked numerically that
Ep§’5(H ) is negative at the critical value s = % relevant in the string theory effective action, and
the symmetric point Aj is therefore a local minimum.

e Dy symmetric point
For Dy, the momentum p transforms in the tensor product of two vector representations of
SN X Z5Y 1. Tt is convenient to define the action of the two copies of Sy x ZL

0 X G Pij = Do(i)e()) »
w; X 1 * Dij —> —Dij, Djj — Pjj Vj 7é 7 s (4.124)

and identically for the right ©;, and then take the subgroup of elements with an even number
of w; and w;. It follows directly that the only invariant quadratic polynomial is

N N
> pipi = trppT, (4.125)

i=1 j=1

which is the Killing—Cartan form (4.119). One finds therefore that the Dy symmetric point is
a local minimum of any SO(N, N) Eisenstein series in the domain of absolute convergence. We
have checked numerically that Ep25(H) is negative at the critical value s = % relevant in the
string theory effective action, and the symmetric point Ds is therefore a local minimum. It is
a lower value than the A5 symmetric point and we conjecture that it is the global minimum of
the minimal Epstein series.
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4.3.2 S0(3,3) and SL(4)

Because of the homomorphism Sping(3,3) = SL(4) it is relevant to compare the results we
have obtained for SO(N, N) and SL(N) in this case. It appears that the vector representation
Epstein series of SO(3,3) and the Epstein series of SL(4) are related at the special s value

rEp}(H) = Epy (H) , (4.126)
2
with the identification of the SL(4) matrix
1 1
_1 23V, 23Vix 1 V Vux
v — _ : 4127
y4< 0o U ) Wetv<o detV/ (4.127)

and V. = V_ =V and B;j = g2, in (4.108). In particular for (4.34) one has G = 4Cy,, and
one can check the functional relation (4.126) using (4.107) and (4.40)

—2m/GQ]
rEpY P (H) = rdet GEEp1 (G™1) + detG< +2 Z o1(Q emthQ>
2 2 Qen27z3 T/ G[Q]
y% 2 g ! P 2v, O [n]
TEpl(CA3) + -+ Ty Z O—l(n)il cos (27rx : n) . (4.128)
43 n€Z3 A/ OIXS [’I’L]

For the special points (4.34) of the SL(4) Epstein series we have

211 1 -1
G:% 121|, B=ua —10 1 (4.129)
112 1-10

so that the SL(4) D4 symmetric point corresponds to the SO(3,3) A3 symmetric point,

1 110
G=3Cn, B+G=|011]|, (4.130)
101
while the SL(4) A4 symmetric point gives
211 0 1 -1
)
G:[ 121, B=>|-101]. (4.131)
112 1 -10

We find consistently that the conjectured global minimum of the SL(4) Epstein series at the Dy
symmetric point agrees with the conjectured global minimum of the SO(3,3) Epstein series at
the A3 symmetric point. One finds that they have the same automorphism groups

Aut(I15) = Zy w (S4 x S4) 2 Aut(Dy) = S3 x (S4 x Z3) , (4.132)

because of the triality automorphism of Dy, explaining that there is a unique invariant quadratic
polynomial in this case.
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5 Fixing the logarithmic ambiguity in eight dimensions

The different terms in the low energy expansion of the two-graviton amplitude (2.4) are not well
defined individually in eight dimensions because the 1-loop box integral

_ dPp 1
L= [ 2P P2 k)P0 — k1 — o) (o + a)? (5:1)

diverges logarithmically and so do the Epstein series defining £, (¢). To determine unam-

biguously the amplitude we must analyse the low energy limit of the one-loop string theory
amplitude [5]

AP — 270/3g 2/ o Trﬂzz H/ 2196 (24)e % S Glea—mn)hacks ; (5.2)
where 4
Ty, ,(7) 25 Z e~ T2 Hlg)+inT1(q, q) (5.3)
q€llyq

and G(z) is the torus Green function. Following [12], we split the SL(2) fundamental domain
into the truncated fundamental domain

Fr={n<L -3<n<i|rf>1} (5.4)

and the complementary region for which = > L and —5 <n < % At leading order one obtains

1-loop
A —27r/ Fﬂn —|—47r/ = /dxg/dmg/dxle”ﬁa[“ @1)(1-ws)s+a(zs—22)t] (4
P FrL 2

+0(s), (5.5)

where O represents the two cyclic permutations of the Mandelstam variables. To compute the
two terms separately it is more convenient to introduce a dimensional regularisation d = 2 + 2e.
This can be achieved with the insertion of 75 in both terms. One can then remove the L-
dependent terms that cancel out and use instead

2
lim (27T/d TQFH22 —|—477/ 77-2 /diUg/de/dxlem—za [(za—x1)(1—23)s+x1 (23— xz)t}+0)
=0+ FT 0

(5.6)
For the one-loop supergravity amplitude one gets the dimensional regularisation
d8—2€p 1
47)° (4n% 6/
UM | e 72— P — by — k(o + Ra)?
:47T/ TZ/de/de/dxleﬂ‘rgo/[(wgx1)(1x3)s+x1(a:3x2)t]
[(e—2)I'(3 —¢)? / (=)t e (1—x)te
—8ml—e do | (—d/s) " bl + (—a/t)
(5 — 2¢) 0 (els) (1+%4) -1 (ert) (1+2)-1
2r (1 11 s ¢ 1 st t\?2
=—|-4+——w—Int— ——1In(-d's) — In(—at) - ~——=(In (- 2
3 <e+3 e lnm = n (—als) = In (—a't) 2(s+t)2<n<s> J”T))
+0O(e) . (5.7)
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We define accordingly the renormalised 1-loop box integral in D = 8 dimensions

Iiy(s,t) = . (8 In (—s/p?) + S (—t/p?) + lSit(ln (E>2 + 772)>
BT 6(4m)* \ s+t s+t 2 (s+1t)? s ’
(5.8)
where we introduced a renomalisation scale y. Note that Iy, (s,t) = I 1(s/p? t/u?).
For the perturbative Wilson coefficient one can replace 75 by the real analytic Eisenstein
series E¢(7) without modifying the limit. One computes as in [36] that

d?r
2 /2E6 (T)I’HQ,2
.F

P)
:47T€(26)E6(T)E6(U)
= 72?7r + 27 (s — In(4n)) — 27 In(Us|n(U)|*) — 27 In(Ta[n(T)|*) + O(e) (5.9)

where 7 is the Dedekind eta function. One obtains in total

A;;;”” — —or In(Ua|n(U)|) — 27 In(Th|n(T)|) + 227” — drin(27)
+(4w)5(f4,1(a/s, a't) + f471(o/t, o'u) + IA4,1(o/u, o's)) + O(s?)
= —2nIn(Uafn(U)[*) — 27 (Tal(T)) + g + 22 — dmin(2rntop)
+(4m)5 (Lo (s, t) + Loty u) + Lupu(u, 5)) + O(s%) (5.10)

where we used o/3g2 = 9 in the last step.
We use the same convention as in [36] for the renormalised Eisenstein series, such that we
define the SL(2) Epstein series

Epy (U) = lim (B (U) = T = 2n(3 ~n2)) = —wln Galp@)") ,  (5.1)

and the SL(3) Epstein series

=~ 3 . 3 2m
Eps (H) = lim (Epg+€(H) - 4 (s — 1))

e—0

2C( )

8

47
~2nln (D)) + 7 g

T S B ) e B CR T

e |m + T'n|
With these definitions we have

64 . . .
Als,tu,0) = ——+ (Am)°00 (Lau(5,8) + Loyt w) + Lo p(u, 8)) 4+ €9E0.0)u() + O(s*)  (5.13)

and
~ 3 ~ 2 227
Eooulp) = Epz(H) +2Ep, (U) + —= — A In(2rlep) . (5.14)

Note that the logarithm 47 In(27fp) can be absorbed in the logarithm of the type IIB torus
volume V5 = (QWEP)Qng;2/3, equivalently V5 = (27r€p)2U2g8_2/3 in type ITA.
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6 Numerical approximations

In this section we explain the numerical checks we have carried out to establish the conjectured
global minima of the Epstein series. We concentrate on the two cases of SL(5) and SO(5,5) that
constitute the main new results. The global minimum of the SL(3) Epstein series was obtained
as the symmetric point As for all s > %, including the renormalised value at s = % by minimal
subtraction, in [38].

The moduli space SO(5)\SL(5) has 14 dimensions and (SO(5) x SO(5))\SO(5,5) 25 di-
mensions, and it is rather difficult to study the value of the Epstein series systematically over
the whole moduli space in these two cases. Nonetheless, the Epstein series are very regular
functions, that decrease somewhat monotonically from the cusps at infinity to the symmetric
points in the interior.

6.1 The SL(5) Epstein series

We consider several SL(5,7) equivalent realisations of the D5 symmetric point H = 2_%0135
with

21112 21121 21000
12112 12121 12001
Cps=(11212|, Ch,=111221]|, CHh=]00201 (6.1)
11122 22242 00021
22224 11122 01112

They are determined by iterated inclusions of lattices
AQCAgCA4CD5,
AQCA3CD4CD5,
Ay C Ay + Ay C Ay +2A1 C Dj5 . (6.2)

The first case is described with the ansatz (4.28) and the expansion of the Epstein series (4.40)
with N =5 as a function of y and z. We use (4.40) iteratively and truncate the sum over n; € Z
for N = 3 between —50 and 50, the sum over n; € Z for N = 4 between —20 and 20 and the
sum over n; € Z for N = 5 between —10 and 10. We checked that increasing the ranges of the
Fourier modes n; does not change the result within the approximation. We analyse the values
of s between % and 5. For large values of s the Fourier expansion converges more slowly because
the Bessel function does not decrease fast enough for the truncated expansion (4.40) to give a
good approximation.

The obtained function of y and x admits only three local minima, corresponding to the
symmetric points As, A;rz and Ds, with Dy being the global minimum. Only Ds is a local
minimum of the function of H € SO(5)\SL(5) for low values of s.

One also checks the pull-back of the function on different surfaces associated to the parametri-
2

sation (4.40) for N =4 as EpJ(2, 2, H) = 25g Epi(y, =, A3) + ... and similarly for N = 3 and

find again that the D5 point is the global minimum on each surface.
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(a) (b)

Figure 1: Pullback of the SL(5) Epstein series along the two dimensional (z,y) surface defined

by (4.28) for s = 3. (a) Slice z = 2 containing A7? , AF* and Ds, only Dj is a local minimum.
(b) Slice y = —5(v/6 — 2)z + 2(v/6 — 1) containing A5 and Ds, along this slice A5 looks like
a local minimum but it is a saddle point in SO(5)\SL(5). Ds is the global minimum on the

surface.

In the second case we consider the SL(N) coset representative
2NV, 2WTY
1 -1 —1
V = yiﬁ 1 1x 5 (63)
0 y/2

with V) at the Dy_; symmetric point and x restricted to the last component zy_;. One then
obtains the Fourier expansion of the Epstein series

2s N-1 N—1 N,1)(1,§
yN B 2 2 I'(s — )¢C(25 — N +1) ¢/ N

Epév(y,x, CDN—I) . Epév 1(CDN—1) + 2 N _

4N-1 F(S) 425

-1
Ut N1 Neo. o K, noa(my,/Cpy  [n])
+ %y%‘NNgs Z ON—1-25(n) S _Nlji cos(27ra:nN,1) (6.4)
S nezZN-1 (405]1\]71[71}) 1 2

which defines another surface parametrised by (z,y) in the moduli space. In this case one

obtains for N = 5 that the only local minimum is at y = 2 and « = % corresponding to the Ds

symmetric point.

In the third case we consider the SL(INN) coset representative

1 <<4N—8>2<N11>v1 <4N—8>2(N“>V1x> (6.5)

2V N-2

with V1 at the Ay_3+2A; symmetric point and x = (—%,...,2%,1, 1)z. One obtains
1

again for N = 5 that the only local minimum is at y = 2 and x = 5 corresponding to the Ds

symmetric point.
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We obtain numerically the value of the Epstein series

Eps (Ds) ~ —9.50663 . (6.6)

3
2
The numerical value is stable under modification of the truncation up to fifteen digits.

6.2 The SO(5,5) vector representation Epstein series

The vector representation Epstein series at generic s is much harder to approximate because of

the Eisenstein series appearing in the Fourier coefficients in (4.105). Therefore we shall only

o . . . o 3
analyse the minimal Epstein series (4.107) at s = §

3
2

! —2my/G[Q]
Ep}7(H) = det G Eps (G-1) + mv/det G 2+ Y on(@) e
3 6 ~ G[Q]

QEN?Z

QAQ=0

em’tl“BQ) : (6.7)

that defines the leading Wilson coefficient in the string theory effective action.

One difficulty is to generate an appropriate large set of rank two antisymmetric integer
matrices Q € A2Z5. To obtain a good approximation, we must include all the M2-instanton
charges @ with a Euclidean action below some threshold

S[Q] = 2m\/—5trGQGQ < A, (6.8)

without including two many charges ) with a strictly greater Euclidean action. The incomplete
sets of charges for a given action greater than A do not a priori spoil the approximation, but their
inclusion increases the evaluation time of the function without providing a better approximation.

To compute a sample of charges we generate the set of rank two matrices with entries
|Qij| < 6 and only keep the charges with a Euclidean action evaluated at the Ds symmetric
point bounded by A = 2wv/6. The values of the action is S = mv/1 4 4n or S = 27y/n for all
integers n > 1. We have checked up to S = 27v/5 that the set of charges we have obtained define
complete orbits of the Weyl group action W (Ds). They all satisfy |Q;;| < 4, so we believe they
are the complete set of charges for A = 27/5. One also checks that this set of charges gives
all charges of action bounded by A = 27v/6 at the A5 symmetric point with entries |Qi;| < 5.
The values of the action is then S = 2m/n or S = 7/3+4n for all integers n > 1. We
expect therefore this set of charges to provide a good approximation of the Epstein series on the
fundamental domain.

We consider two surfaces, the first parametrised by

2111 2 001 1 1 2
12112 10 1 1 2

G:% 11212, B=z|-1-10 12], (6.9)
11122 1-1-1 0 2
22224 222 20

only includes a global minimum at the D5 symmetric point at y =1 and x = %
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The second is parametrised by

2 1 1 1 ST 0 1 1 1 b
1 1 2 1 1 S5z 1 -1 0 1 1 bz
G=Z 1 1 2 1 b5 . B=g| -1 -1 0 1 5z |. (610
1 1 1 2 S5z -1 -1 -1 0 bz
e 5r 5z 5z L4202 —5z —5z —br 5z 0
On this surface we find that the D5 symmetric point is a global minimum at y = 2 and = = %
One also finds the local minimum at the As symmetric point at y = v/6 and z = %
The numerical approximation gives the minimum of the Epstein series
Ep}°(Ds) ~ —3.4447 4+ 0.0002 . (6.11)
2

A Grenier domain boundaries

Consider the Ay symmetric point in SO(N)\SL(N) where H = (N—i—l)_%CAN is proportional
to the Ax Cartan matrix. Its representative (4.31) in SO(N)\SL(N)/SL(N,Z) is in the Grenier
domain. To exhibit that this is the case, one writes C4,, as

gl ) T 2
k=0 i=k+2
and identifies the bilinear forms
N P
— 2 -
i=k+1 kE+1<i<j<N

in the notation of Section 3.1. One finds from this formula that zj41; = T}rl € [0, %] and for
each Yi[n], the minimal length vectors are length one, consistently with the definition of the
Grenier domain. This point is on the boundary of the Grenier domain since the inequality

is saturated for all Ay root, i.e.
n; = iéij s n; = 6ij — 5119 s (A4)

for any j and k. For Yj[n] with £ > 1, the only vectors of minimal length 1 are n; = §;; for all
j > k+ 1. In fact it is a boundary of dimension zero. To prove this one can write a generic
point in SO(N)\SL(N) using the matrix '3

N
Yo[n] = n? + Z y2n? + Z Tijnin; . (A.5)
i=2 i<y

13Take care that the coordinates y; and x;; are not the same as in (3.4).
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Now, solving the condition that Yy[n] = 1 for all roots of Ay, one obtains
=1, yityi—w;=1, (A.6)

which determines y; = z;; = 1 and fixes the Ay point H = (N + 1)*%C’AN.

One can consider similarly the symmetric point Dyy; in SO(N)\SL(N). Starting form

(4.33) and shifting ny — ng — ny41 one obtain the equivalent representative of the Dy

Cartan matrix
N+1

CDN+1_2Zn +2 Z nin; (A.7)
(ZJ)#(? N+1)

2
where the second sum is over all pairs except nanyy1. One checks that H = Q_THCbNH is in
the Grenier domain with the triangular form

(N )

Y()Z(n1+§ E nz) <n2—|— E n; — "N+1)

N 2

1N k4o 1 2 4,

e S 2, (A
*3 k+1("’““+k+1,_k+2n +k+2nN“> TN (A8)

and the sub-components

N+1

=Lt X
(m)#@ N+1)

N+1

2
g n; —l— - Z nn; — TLQTLN+1,

2<Z<_]
(4:5)#(2,N+1)
N+1

Yo = Z n +? Z nin; + T Z n; . (A.9)

i=k+1 k+1<i<j<N 1=k+1

The triangular form of Yj exhibits that all z;; € [0, %} but xo y41 = —% € [- ;, %] The sub-
components all have minimum length vectors of length one, and H is therefore in the Grenier
domain. This point sits on the boundary because the inequalities Yp[n] > 1 are saturated for all

Dy roots, i.e.

n; = iém , n; = 51‘,]‘ — 5i,k for (], k‘) 75 (2,N + 1) or (N + 1,2) ,
n; = j:(éiyj — (51‘,2 — 5i,N+1) fOI"j 75 2, N+1 ,
= :|:((5m‘ + ik — 0i2 — 5i,N+1) for j,k #2,N+1. (A.10)

For Y3, with k = 1 and k > 3, the only vectors of length 1 are n; = §;; for all j > k + 1. For
k = 2 one gets all vectors n; = d; ; with j > 3 and the vectors n; = £0; ; F ; y41 for 3 <7 < N.
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Writing the equalities Yp[n] = 1 for all Dy roots for the generic matrix

N
Yoln] =nf + > ying + > wyning (A.11)
i=2 i<j
one obtains
vi=1, yi+yi-wy=1 for(i,j)#(2,N+1), (A.12)

yi2+y§+y]2v+1 — Xi2 — TiN+1 + T2 N+1 =1 fOI“i;EQ,N—I—l ,
y? +yjz + Y5+ Y1+ Tij — Tiz — TiN41 — Tj2 — TjN+1 F Tang1 =1 ford, j#£2,N+1.

2
This implies that y; = 1 and x;; = 1 except for x2 y4+1 = 0 and therefore H = 27N7HCbN+

1°

In general one does not expect reducible matrices to correspond to a zero dimensional bound-
1
ary of the Grenier domain. Take as an example H = (2N + 2)” ¥+1(C 4,44, with

N+1
Canta,n] =2 Z n; + 2 Z nin; . (A.13)
i=1 i<j<N

One checks similarly that H is in the Grenier domain, but the saturated inequalities still allow

for a dimension N boundary parametrised by

N+1 N
Yoln] = Z n; + Z nin; + ZLEZ‘TLN_H?% , (A.14)
i=1 i<j<N i=1
provided they satisfy
k
2
2
i=1 1<j<k

for all k between 1 and N.

For the lattice AZ?, the matrix (4.35)

2111 2
1211 2
Chp=| 1121 2 (A.16)
1112 2
10
2222 L
is not in the Grenier domain. But using the SL(5,Z) matrix
0 0 0 1 1
1 1 0 0 1
v=l0 11 0 1 |, (A.17)
01 0 0 0

-1 -2 -1-1-2
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one obtains that
;‘Q—Q = 'YTCAQ-Q'V (A.18)

is. This is manifest in the upper triangular form

4 2
A [n] = 3 ((m + Ino + Ing + Tng + ing)

+ i((ng + 3ng — %n4)2 + (n3 + gna + %”5)2 + Z((m + %n5)2 + Snf))) - (A19)

This bilinear form admits 30 vectors of norm square % in Z°, the 15 weights in the Weyl orbit

of the highest weights As and the 15 in the Weyl orbit of A4. The corresponding conditions

Yo[n] = 1 determine C';ﬁz, and the lattice A;Q is therefore at a dimension-zero boundary of the
5

Grenier domain.

B Invariant polynomials at the Ay symmetric point

We prove here that there are indeed only two quadratic invariant polynomials at the Ay sym-
metric point by constructing them explicitly. We can easily see that for any polynomial F(p),
its average on Sy41 defined by

1

(F(P))syi1 = Snaal

> F(Y'H), (B.1)
YESN 1
is an Sy y1-invariant polynomial. Therefore by calculating the (p;j)sy ., and (pijprs)sy,, we can
generate all independent Sy i-invariant linear and quadratic polynomials. We start with the
linear polynomials where the calculations are less tedious but are completely analogous to the

quadratic case. We can see that'*

<ﬁij>SN+l = <<]3ij>SN>ZN+1 (B'Q)

It is easy to see that the average on Sy doesna€™t depend on i, j explicitly however the result
will differ if ¢ = j or ¢ # j. Therefore there are naively only two possible linear invariant
polynomials. We can easily compute the two independent averages on Sy.

N
- 1 - 1 -
(Dii)sy = N > Bo-1(yo-1() = N > i (B.3)
ocESN =1
Bidsw =~ 3 B 2% (B.4)
i7)SN = w7y o=1(D)o=1(j) = N N ij .
TN TNT £ De=0) = N(N = 1) =

1 Actually it is not obvious that we don’t need to take another average on Sy in the end but it turns out that
this is indeed not the case
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where i # j in the second line. Hence all that remains is to calculate (p;;) If we use the

Zinyr+
convention that the indices 4, j of p;; are taken modulo N + 1 we can write an arbitrary number

of iterations of the transformation oy in the simplified form

Ulf-ﬁz‘j = PN—k+1N—k+1 T Di—kj—k — Di—kN—k+1 — Dj—kN—k+1 (B.5)

for all K > 0. We find that

N+1
<pzj>ZN+1 = N 1 (Zpkk + Z pk+zk+] Zpk+zk Zpk-‘r]k) (B6)

for any i, j. Hence we find that

N
- 1 _ 2
(Dii)sni1 = N ;<pii>ZN+1 NN+ D) NZPu 2;% = (B.7)
. 2 .

where we have used the traceless condition and where ¢ # j in the second line. Therefore there
are no linear Sy i-invariant polynomials of p. This means that C4, as defined in (4.30) is an
extremum of any automorphic function on SO(N)\SL(N).

We will now apply the same reasoning to show that there are only two independent quadratic
SN +1-invariant polynomials of p. We can show that

o PijPrs ZU]}-@‘]' U]fﬁrs
=(PN—k+1N—k+1)>
— DNkt IN—k41(PickN—k41 + Dj—kN—k+1 T Dr—kN—k+1 + Ps—kN—k+1)
+ PNkt IN—k+1(Piekj—k + Dr—ks—k) + (PickN—k+1 + Dj—kN—k+1) (Pr—kN—k+1 + Ps—kN—k+1)
— Diekj—k(Pr—kN—k+1 + Ds—kN—k+1) — Pr—ks—k(Di—kN—k+1 + Dj—kN—k+1)
+ Di—kj—kDr—ks—k (B.9)

For all 4,j,7,s. Let us now calculate (p;;prs)zy .,
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N
DisPrs)Zn i =37 (Z(pkk = Dk Binvik + Prot sk + Dok + Ditsk)

N+l k=1
N N
+ ) Pk (Prpiks + Prrrkrs) + O Preyik + Prot k) (Bhrrk + Prrsh)
k=1 k=1
N N
= Prrikt (Prsrk + Prrsk) = O Dhvrkrs(Proyi + Dt i)
k=1 k=1
N+1
+ ﬁk-ﬁ-ik-ﬁ-jﬁk’—&-rk—&-s) (BIO)
k=1

for all 4, j,r,s. We can now calculate the average on Sy in an analogous way to the linear
case. Just like the linear case we can see that the average on Sy will not depend on %, j,7,s
explicitly, however the result will differ depending on if some indices are equal to each other. One
can see that there are 7 different averages to compute: ((5ii))sy.1» (BiiBij)Sns1> (PiiBjj)Snsrs
((ﬁij)2>SN+17 (DiiDjr)Sny1s (DPijPir)Sy., and (Dijbrs)sy,, where all indices are assumed to be
different. We can decompose each of them on a basis of Sy invariant polynomials as

N
Z pzz) + a Zpupjj + a3 Zpupz] + ay Z ng
i=

i<j i#£] i<j
+ as Z > piibji + ag Z > pibatar > Pijbm (B.11)
i=1 j<l i=1 j<l i jAmAl
i#i i#i i<j
1 1 m<l
<m

For N > 2 we can check that only three out of the seven averages are actually independent and
they are linearly dependent with the Killing-Cartan form

trC;;p‘Cg}Vﬁ:(NH (NQZpu +2) i

1<J

— AN pupy + 2N+ 1) (5i)?

i#] i<y
N N
+4Y S pupi — AN = DY Y pipa+8 Y ﬁijﬁml) (B.12)
=1l =Ll i
I 1#i m<l

<m

as well as
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N
1 4 _ _ _
tr(Cy,p)° = e <N2 > Bi)* + 2N pupi; — AN D b

i=1 i<j itj
N N
+4 Z(ﬁij)Q — 4N Z Zﬁnﬁjl +8 Z Zﬁijﬁz‘l +8 Z ﬁijﬁml) =0 (B.13)
i<j i=1 j<l i=1 j<l i#jAmAL
J#i J#i 1<j
1 12 m<l
<<m

which vanishes once the traceless condition is imposed. This proves that there are two indepen-
dent non trivial quadratic Sy41-invariant polynomials of p. The other non trivial independent
polynomial is given by one of the averages, we give the simplest one

N
- 2 - U L -
((Pie)*)swin = NIDN N (pi)® = 4> piibij +2 Y Pubjj +4Y_ (i)’ (B.14)
(N+1N | < - ‘- ‘-
i=1 i#£j 1<J 1<J
In the case N = 2 only the first four averages exist and they are all proportional to the Killing-
Cartan form once the traceless condition is imposed. Therefore we can recover the well known
result that A is a local minimum (and indeed the global minimum) for the SL(2) Eisenstein
series.
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Titre : Contraintes sur I'action des théories effectives en gravitation quantique

Mots clés : Gravitation quantique, Théorie des cordes, Supergravité

Résumeé : La théorie des cordes constitue I'un des cadres les plus
populaires et étudiés pour aborder la gravitation quantique. Il est bien
connu que la limite basse énergie de la théorie des cordes donne une
large gamme de théories des champs effectives. Une maniéere récente
et prometteuse d’extraire des informations sur la gravitation quantique a
partir de ce paysage de cordes est le programme du “marais”. Le prin-
cipe du “lampadaire des cordes” postule que le paysage de la gravité
quantique et le paysage des cordes coincident. Dans cette these, nous
proposons d’étudier cette affirmation dans le cas des couplages de Wil-
son d’ordre supérieur dans le cadre trés restreint de la supersymétrie
maximale.

Nous étudions d’abord la limite basse énergie des amplitudes de genre
0, 1 et 2 pour la théorie des cordes de type Il compactifiée sur un tore
et les comparons respectivement aux amplitudes de supergravité maxi-
male a I'ordre des arbres, a 1 boucle et a 2 boucles. Cela nous permet
de calculer les contributions perturbatives aux coefficients de Wilson do-
minants de la théorie des cordes maximalement supersymétrique. Nous
montrons également qu’en dimension 8, les divergences logarithmiques
des amplitudes de supergravité peuvent étre liées aux divergences des
couplages de Wilson. Nous donnons une prescription pour régulariser
correctement la divergence en utilisant 'amplitude de corde finie.

Nous utilisons ensuite les équations différentielles induites par les iden-
tités de Ward supersymétriques ainsi que les contraintes imposées par
la U-dualité pour dériver les coefficients de Wilson non perturbatifs com-
plets pour la théorie des cordes maximalement supersymétrique en di-
mensions supérieures ou égales a 6. Ceux-ci sont donnés pour les coef-
ficients de Wilson dominant et subdominants par des séries d’Eisenstein
et d’Epstein pour le groupe de U-dualité pertinent. Les développements
de Fourier paraboliques de ces séries peuvent alors étre utilisés pour
vérifier les différentes limites de dégénérescence des coefficients de
Wilson.

Enfin, nous étudions les minima de ces fonctions sur 'espace des mo-
dules pour donner des bornes inférieures sur les coefficients de Wil-
son provenant de la théorie des cordes maximalement supersymétrique.
Cela implique de trouver les minima des séries d’Epstein pour des va-
leurs spéciales du paramétre s. Nous étendons d’abord la construc-
tion récursive de Grenier d’'un domaine fondamental a presque tous
les groupes de Lie simples, ce qui nous permet de définir correcte-
ment le domaine d’étude de nos fonctions. Nous montrons ensuite que
les points symétriques sont nécessairement des extréma des formes
automorphes et donnons des critéres précis pour qu'ils soient des mi-
nima. Nous identifions aussi ces points symétriques comme des coins
de domaines fondamentaux. Nous étudions des points symétriques per-
tinents pour le cas des groupes SL(n) et SO(n,n) et donnons des ar-
guments supplémentaires portant sur la densité concernant les minima
globaux pour des valeurs élevées du parametre s. Nous avons ensuite
vérifié notre conjecture numériquement pour les cas n = 5 pertinents
pour les dimensions 7 et 6.

Ces bornes inférieures devraient ensuite étre comparées aux bornes
inférieures provenant des contraintes d'unitarité en utilisant des
méthodes de bootstrap de la matrice S. A notre connaissance, cette
analyse reste encore a étre effectuée en dimensions inférieures ou
égales a 8. Nous avons montré qu’en dimension 6, les propriétés de fac-
torisation des amplitudes maximalement supersymétriques impliquent
que les propriétés d'unitarité des super-amplitudes se réduisent aux
propriétés d'unitarité des amplitudes scalaires. Ces types de factorisa-
tions existent également dans d’autres dimensions mais ne conduisent
pas toujours a de telles simplifications drastiques. Cependant, on peut
toujours se restreindre a la diffusion élastique pour rendre les calculs
numériques plus abordables. Ce type d’analyse, s'il réussit, constitue-
rait un argument en faveur de la validité du principe du “lampadaire des
cordes” dans le cas de la supersymétrie maximale.
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Abstract : String theory constitutes one of the most popular and stu-
died framework to approach quantum gravity. It is well known that the low
energy limit of string theory gives a wide range of effective field theories.
One recent and promising way to extract information about quantum gra-
vity from this string landscape has been the swampland program. The
string lamppost principle postulates that the quantum gravity landscape
and the string landscape coincide. In this thesis we propose to study this
claim for the case of higher order Wilson couplings in the very restricted
case of maximal supersymmetry.

We first study the low energy limit of genus 0, 1 and 2 string amplitudes
for type |l string theory compactified on a torus and compare them to
tree level, 1-loop and 2-loop maximal supergravity amplitudes respec-
tively. This allows us to compute the perturbative contributions to the
leading Wilson coefficients of maximally supersymmetric string theory.
We also show that in dimension 8 logarithmic divergences of the super-
gravity amplitudes can be linked to divergences of Wilson couplings. We
give a prescription to properly regularise the divergence by using the fi-
nite string amplitude.

We then use the differential equations entailed by the supersymmetric
Ward identities as well as the constraints imposed by U-duality to derive
the full non perturbative Wilson coefficients for maximally supersymme-
tric string theory in dimensions higher or equal to 6. These are given
for the leading and next to leading Wilson coefficients by Eisenstein and
Epstein series for the relevant U-duality group. The parabolic Fourier
expansions of these series can then be used to check the different de-

generation limits of the Wilson coefficients.

Finally we study the minima of these functions on moduli space to give
lower bounds on Wilson coefficients coming from maximally supersym-
metric string theory. This implies finding the minima of Epstein series
for special values of the s parameter. We first extend Grenier’s recursive
construction of a fundamental domain to almost any simple Lie group
which allows us to properly define the domain of study of our functions.
We then show that symmetric points are necessarily extrema of auto-
morphic forms and give precise criteria for them to be minima. We also
identify these symmetric points as corners of fundamental domains. We
study relevant symmetric points for the case of SL(n) and SO(n,n)
groups and give additional density arguments regarding the global mi-
nima for large s parameter. We then checked our conjecture numerically
for the cases n = 5 relevant for dimensions 7 and 6.

These lower bounds should then be compared to lower bounds coming
from unitarity constraints using S-matrix bootstrap methods. As far as
we know this analysis still needs to be performed in dimensions lower or
equal to 8. We have shown that in dimension 6 factorisation properties of
maximally supersymmetric amplitudes imply that the unitarity properties
of superamplitudes reduce to the unitarity properties of scalar ampli-
tudes. These kind of factorisations also exist in other dimensions but do
not always lead to such drastic simplifications. However one can always
restrict to elastic scattering to make the numerics bearable. This kind of
analysis, if successful, would be a strong argument for the validity of the
string lamppost principle in the case of maximal supersymmetry.
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